AFAPL-TR-72-12

ADVANCED FLAME ARRESTOR MATERIALS
AND
TECHNIQUES FOR FUEL TANK PROTECTION

AD74230T6

Quentin C. Maimberg
Edwin W. Wiggins

MCDONNELL AIRCRAFT COMPANY

TECHNICAL REPORT AFAPL-TR-72-12
March 1972

Approved for Public Release;
Distribution Unlimited

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

Springfield, Va. 22151
Air Force Aero Propulsion Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio




-

)

Z @
e

O«

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE  LEGIBLY.




NOTICES

T

When Government drawings, spceifications, or other data arc used for any
purpose other than in connection with a definitely related Goverument
procurement operation, the United States Government would thereby encour-
age no responsibility nor any obligation whatscever; and the fact that the
Covernment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data, is not to be regarded by any
implication otherwise as in any manner licensing the holder for any other
person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented inventions that may in any way be related thereto.

Copies of this repnrt should not be returned unless return is reyuired by
sccurity considerations, contractual obligations, or notice on a specific
document.

b seetiy ")
. O

DT i1y go9s
BTV i 8014

|

>y




Security Classification

DOCUMENT CONTROL DATA-R & D

(Security clessilicetion of title, body ol ebatract and indexing annctation must be entered when the overall teport is clessilied)

1 ORIGINATING ACTIVITY (Corpoun lulhor) 28. REFORT SECURITY CLASSIFICATION
McDonnell Douglas Corporation Unclassified
- P. O. Box 516 2b. GROUP
| St. Louis, Missouri 63166

3. REPORT TITLE

Advanced Flame Arrestor Materials and Ic¢chniques for Fuel Tank Protection

4. OESCR'PTIVE NOTES (Type of report and iInclusive dates)

Final Technical Report - 28 December 1970 - 26 November 1971
$. AUTHOR(S) (Firat name, middie Initial, iast neme)

Quentin C. Malmberg

Edwin W. Wiggins

¢ REPORTY OATE 78. TOTAL NO. OF PAGES 5. NO. OF REFS
S¢. CONTRACT ORCRANT NO #8. ORIGINATOR'S REPORT NUMBER(S)

b. PROJECT NO. 301;8

(-5 Tas}{ 30'-6&)7 8b. OTHER REPORT NO(S) (Any other numbers that may be eseigned
thie report)

«. Work Unit 304807038 AFAPL-TR-T2-12

10. OISTRIBUTION STATEMENT

Approved for Public Release, Distribution Unlimited

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Air Force Aero Propulsion Laboratory
Wright Patterson Air Force Base, Ohio
! 45433

13. ABSTRACT

The purpose of Phase I was to develop and test concepts for minimizing the
weight and volume displacement penalties of polyurethane foam explosion arrestor
suppression systems. Both structural and integral isolation concepts for arrestor
voiding techniques were investigated. For fuselage tanks the integral concept of
large hollow cylinders offered the greater percentage void (58%) for unpressurized
tanks while *he voided foam lined wall configuration was the better approach for
pressurized fuselage tanks. The small six-celled wing tank egg crate pattern
provided for 95 and 87% void at O and 2 psig initial system pressure respectively
while for the large wing tank 42% void at O, 2 and 5 psig initial system pressure
was possible.

Phase II was the materials investigation porticn of the program and evaluated
flame arrestor effectiveness, fuel flow resistance and thermophysical properties of
representative candidate materials and configuration. The most efficient of the
sixteen material candidates from an arrestor effectiveness standpoint was 3M
polyester Scotch Brite felt. The material thermophysical properties of thermal
conductivity, specific heat, density and surface area have only a small effect on
material explosion suppression performance.

Collation of data from Phase I and II was accomplished in Phase III of the
program, Bmpirical relationships for the test data were developed through computerizeq
regression analysis and the relative importence of the applicable variables was

determined.

FORM
DD |Novu'473 L Unclassified
' S/N 0101.807-6801 Security Classification
=




Unclassified

“Security Classification

14
KEY WORDS

LINK A LINK B

LINR €

ROLE wY ROLE wtr

ROLE

wT

Flame Arrestor Corfigurations
Void Percent

Polyurethane Foam

Fuel Tank Protection
Explosion Arrestor System

-

"y

DD 201473 e

(PAGE 2)

Unclassified

Security Classification




ADVANCED FLAMT ARRISTOR MATERIALG AND
TECHNIQUZS TOR FUEL TANK PROTECTIO:N

entin C. Malmberg
2dwin W. Wiggins

Detalls of illustrations fn”
this document may be hettee
~ studied on microfiche

Approved for public release;
distribution unlimited




FOREWORD

This report was prepcred by 3. . Malmberg and

E. W. Wiggins, Survivability/Vulnerability Design Section,
McDonnell Aircraft Company, McDonnell Douglas Corporation,
St. Louis, Missouri. The work reported herein was carried
out under Contract No. F33615-71-C-1191, Project No. 3048,
"Advanced Flame Arrestor Materials and Techniques for Fuel
Tank Protection,” and was administered by the Fire Protec-
tion Branch, Air Force Aero Propulsion Laboratory, Air Force
Systems Command, Wright-Patterson Air Force Base, Ohio with
A. J, Ferrenberg as Project Engineer. The period covered
by this report is December 28, 1970 to lovember 26, 197i.

This report was submitted by the authors December 27,
1971.

This technical report has been reviewed and is approved.

B Lol

B. P. Botteri, Chief Fire Protection
Branch, Fuels Lubrication and Hazards
Division, Air Force Aero Propulsion
Laboratory, Weight-Patterson Air
Force Base, Ohio




ABSTRA:T

The "Flaeme Arrestor Materials and Technigues for Fuel Tank Protection”
work progrem was subdivided into three phases. Phases I and II involved the
testing of reticulated polyurethane foam configurations and installation tech-
nigues and other candidate materials for fleme arrestor effectiveness,

Phaese III consisted of the reduction and analysis of all the recorded data.

The purpose of Phase I was to devclop and test concepts for mirimizing
the weight end volume displacement penalties of polyurethane foam explosion
suppression systems. Both structural and integral isolatiosn concepts for
errestor voiding techniyues were investigated. These two approaches adjust
weight and volume displacement penalties with respect to allowable fuel tank
structural limits and system over-pressures. The structural isolation con-
cept utilized natural aircraft structurel compartmentization whereas the
integral isolation concept used closed compartments within the foam itself in
the form of hollow bodies. For unpressurized fuselage tanks the integral
concept of large hollow cylinders offered the greater percentage void (58.57%)
while the voided foam lincd wall configuration was the better approach for
pressurized fuselage tunks. The most effective foam configurations for small
and large simulated wing tank systems were the egg crate and lined wall
concepts. The small six-celled wing tank egg crate pattern provided 92 ard
87% void at 0 and 2 psig initial system pressure respectively, while for the
large three cell wing tank 427 void at O, 2 and 5 psig initial system pressure
was possible. Limited tests on the lined wall configuration showed 80 and
L7% voiding to be pcssible for the small six cell and large three cell wing
tank systems respectively.

Irstallation and fabrication technijues were addressed throughout this
portion of the program and the hollow body and egg crate designs proved to be
the best approach to simple installation and fabrication.

Phase II wis the materials investigation portion of the program and
evaluated flame arrestor effectiveness, fuel flow resistance aud thermophysical
properties of representative candidate materials and configurations. The most
efficient of the sixteen material candidates evaluatcd from an errestor effec-
tiveness standpoint was 3M Scotch Brite. Following this came the Scott Paper
Co. fire extinguishing foam and the 25 pore per inch (ppi) low density reti-
culated polyurethane foam materials. Fluid flow tests reversed the sejuernce
of these materials from a pressure drop performance standpoint. Wetting
agents and coatings improved arrestor cffectivencss to only a smcll depgree
but showea ihat with the ovroprer material configuration they could contribute
significantly to reduce flame pcnetration. The materiel thermophysical pro-
perties of thermal conductivity, specific heat, density and surface area
exhibited only a small cffect on material explosion suppression performancec.

Collation of data from Phases I end II was accomplished in Phasc III of
the program. Empirical relationships for the test data were decveloped through
computerized regression analysis and the relative importance of the applicable
variebles was determined.
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SECTION I

INTROCUCTION AND SUMMASY

scpe

Fuel tank fircs and explosions erc a major cause of aircraft losces in
combat. Considerable research and development has been devotcd to .xuploring
fuel tank cxplosion rrotection concepts. ifitrogen dilution, chemical juench-
ing and polyurethane foam void filler material cmerge 25 the primary candidote
systems. Of these the passive, logistics froe polyurethanc foam systens appeers
ideal. Light-weight (low density) fcam and gross voiding technijuec are usci
to reduce the weight and volume penaltics encountered in contemporary foam
system installations. Previous work by MCAIR, in cooperation with Scott Paper
Co., successfully demonstrated & low-density reticwlated polyurcthane foam
explosion suppression system with 80 to 90 percent volding. This degrce of
voiding had only been demonstrated in tanks that were subdivided into a number
of intercommunicating cells such as alrcraft wing tanks which are inherently
segmented by ribs and spars., Where compartmentization is not inhercnt as in
the case of aircraft fuselage tanks, a lesser percent voiding is possible for
cqual allowable combustion over-pressures as evidenced by the work performed by
Bureau of Mines wherc up to 407 voiding was achieved for single cell confipura-
tions.

Basically two types of gross voiding concepts presently exist. The
first is a structural isolation design as in aircraft ving fuel tanks where
the structure offers natural compartmentization with Intercommunicating open-
ings between cells. Foam is uscd to isolate firec to the combustion cell
by acting as a flame arrestor, stopping the flame propogation to the adjaccent
cells. Pressure gencrated by the combustion process in the ignited cell is
relieved through the foam and intercommunicating holes. The second veriation
of this concept uses hollow foam bodies to provide flame isolated compartments
with walls of sufficient thickness to locally isolate fires. Combustion
pressure is relieved through the foam and into isolated volumes. Zoth of
these concepts have been invectigated in Phase J of this program with an
arbitrary system success criteria of 10 psi allowablc combustion over-pressure.

The Phasc I cfforc of this program was designed to improve and optimize
installation concepts aand technijucs for foam fire and explosion suppression
in simulatcd aircraft fuselage and wing fuel tanks. Configurations designed
to accomplish these progre.n objectives were established to provide iata that
would optimize thc system operation from a foam void standpoint. Foam
volumes were predetermined for all systems in order that test void volumes
could be increascd or decreasaed in increments of 57% of the totzl tank volume.
Combustion tests wcre conducted at each void increment and the pressure and
temperature in each cell of the specimen was recorded. Each configuration
was tcsted at O, 2 and 5 psig initial pressure with successively larger or
smaller void volumes until an over-pressure from ccrmbustion of 10 psi was
reached. In some cases where it was obvious that data could be successfully
extrapolated, the tests were complctcd when sufficient data were obtained
to establish a curve,

Phase II investipgatcd material flame arrcstor effectiveness with respect to
combustion over-pressure and fuel flow resistance. Thermophysienl propectics
determinations of candidate arrestor matcrials were conducted including thermzl
conductivity, spccific heat, melting tcmpcrature, heat of fusion, bulk density,




into three tusks: (1) arrestor material configuration and screening tests,
(2) basic material evaluation tests and (3) coating tests. The success critericn
of thc arrestors was based on a combustion over-pressurc limit of 25 PSI.

specific fuel retention and surface arca. Combustion testing was divided /j

All material combustion and fuel flow pressure drop tests were con-
ducted in an eight-inch diamecter plexiglass tube using a matcrial thickness
of two inches. Combustion tests were conducted at O, 2 and 5 psig initial
system pressures and flow tests were run at 50, 100, and 150 gpm flow rates

| using JP-U as the fluid media. Thermophysical properties tests were conducted |
on thosc materials that performed satisfactorily through at least onec
sct of combustion parameters.

Data from Fhases I and II of the program were reduced and collated dur-
ing Phase III. Application of the data from the Phase T effort was direccted
toward weight and volume displacement panalties as well as system advantages
' and disadvantages for design of explosion supprcssicn systems for both rctro-
i fit and new aircraft. Arrestor effectiveness data was analyzed to determine
the relationships of chemical interactions and systcm parameters and the
relative significance of these perameters on the performance of the matcrial
as a flame arrcstor. Zmpirical relationships were developed by computer
regression analysis with all applicable data includcd. These relatioaships ]
give direction to the future development of fluame arrestor materials by
pointing to thc parameter's relative effectiveness toward flame suppression. ﬂ

Data from the program have lead to the following conclusions:

- | o The maximum void percentage obtained in these tests for the
simulated 100 gallon aircraft fusclage fucl tank is 58.5% at '

O psig initial system pressure using a 10 psig over-pressure

success critericn and was accomplished using large (15 inch 1

diameter) hollow foam cylinders.

o The ten percent voided foam lined wall fuselage tanks configuration

i offers the lightest weight and subsejuently the largest void percent-
age (52 and 17.57) system of those tested for 2 and 5 psig initial

1 pressure,

Egg crate typc patterns offer th2 greatest degree of design freedom

as wecll as the most efficizant flame barrier system with the greatest
amount of void volume (927 at O nsig, 87% at 2 psig, and 797 at 5 psif
initial test pressures) of the conTipgurations tested for the six-cell
simulated aircraft wing tank.

The cgg crate voiding configuration performed tc the 507 void volume
level for thc three-cell 300 gallon simulated aircraft wing tank.

Systems with a number of cmall voids may not bc as effective as
those with fewer larger voids.

All void vapor volume in the hollow body configurations testcd burned
vhen the system combustion over-pressure reached 5 psig from the
initial ignition.

Successive ignitions using the same foam are possible for fire and
explosion suppression systems.
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15 ppi foam is not as efficient as 25 ppi foam in voided
fire and explosion suppression systems at percentages
greater than 20%.

The performance of hollow body configurations is hindered by
the fact that for & projectile simulated line source ignition,
combustion occurs simultaneously inside and outside the foam
vall, thus burning a greater portion of combustibles within
the foam.

Combustion volume to foam thickness is the primary design parameter 1
for gross voided foam explosion suppression systems.

The use of other materials in a gross voided configuration for
explosion suppression is possible.

3M polyester felt, "Scotch Brite," showed the best possibility
as a substitute material of those tested.

Where fuel flow pressure drop is an important system operation
parameter thc 25 ppi Scott reticulated polyurethane foam appeared to
be the best material tested.

Wetting agents are more effective in eliminating burn through than
reducing combustion over-pressure when the relief to combustion
volume (Vr/Vc) ratios are small.

The thermophysical properties investigatci have a negligible effect
on the explosion suppression cajsbilities of the material.

Arrestor material geometry appears to be the mort important parameter
in eliminating flame propagation with foams and felts being the best
configurations tested.




L SECTION II
PHASE I TEST PROGRAM 1
1.0 TEST SET-UP

1.1 Test Sggcimen

Three specimens were used throughout Phase I testing. The specimens
were (1) a 100 gallon fuselage tank, (2) a 300 gallon 6 ccll wing tank,
and (3) a 300 gallon 3 cell wing tank. The three specimens were assembled
from six 30 x 24 x 15 inch elemental boxes. Each elemental box was
basically a steel angle iron frame which hed match drilled sides so that
the elements could be assembled in any combination. The boxes were de-
signed with both steel and plexiglass side and cover plates capable of
withstanding YO psig over-pressure. Plexiglass covers provided the
capability to photographically record the explosion events.

The fuselage tank was constructed by assembling two sets of framcs and :
panels to produce a 30 x 30 x 24 inch tank (Fig. 1). This size was selectcd
to meet the military standard 100 gallon fuselage test tank so that the data
generated could be compared to other similar work.

The three and six celled wing tanks were assembled from the six
elemental frames to produce 90 x 48 x 15 and 90 x 30 x 24 inch tanks
respectively, Figures 2 and 3. The three celled tank had, 55% cell to
cell intercommunication while the six celled tank was provided with only
5% cell to cell intercommunicating open area.

1.2 Instrumentation

The instrumentaticn consisted of strain gage type transducers, and 40
gauge cromel-alumel thermocouples in each cell of the respective specimen.
The pressure, temperature and ignition time data was recorded on oscillo-
graph traces at 15 inches per secind as shown in the sample trace of Figure L.
The thermocouple outputs were used only to monitor ignition and flame propa-
gation in that combustion temperatures exceeded their useful range.

1.3 Explosive Mixture

i Premixed propane/air mixtures near stoichiometric conditions were used
as the combustible media in each test and the foam was wetted with JP-5 fucl.
This simulated explosive aircraft tank condition was used for test simplicity
in lieu of JP-b flushing. If JP-4 had been used, stuichiometric vapor/air
conditions could have been achieved only by cooling the entire test article
velow 40°F. The use of propane/air JP-5 permitted testing at all ambient
and specified initial pressure conditions. Previous tests using propare/air
proved that it produces results equivalent to JP-4/air combustion.

Preceding page blank
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FIGURE 1 FUSELAGE FUEL CELL TEST SET UP
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FIGURE 2 SIMULATED SIX CELL WING TANK TEST SET UP
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FIGURE 3 SIMULATED THREE CELL WING TANK TEST SET UP
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Bomb Sample Test
For Propane/Air Mixture

:T1 /—72 /’ '3
Combustion Effectiveness Value
96 psi Simulated Fuselage Fuel Tank
Comuustion Pressure Rise With

40% Void Lined Walled Configuration
at 0 psig Initial Pressure
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Note:  Paper Speed 15 inches per second
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FIGURE 4 TEST PRESSURE TRACE
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1.4 Ignition System

The ignition system used was a standard Bureau of Mines luminous
tube transforner set-up operated at 60 to 70 volts primary. The ignitor
portion of the set-up was varied slightly to simulate a straight line
projectile path ignition source. This was accomplished by placing the
ignitor in a perforated tube which extended from wall to wall, simultancously
Igniting all individual voids along its path.

2.0 TZ5T CONFIGURATIONS
2.1 General

The test cont'igurations for all three specimens were desipned around
the structural and [ntegral voiding concepts. The percent voiding range
was based upon the }MCAIR model of Arrestor Suppressed gxplosinns. Thie
model rclates the tank over-pressure to the ratio of relief olume to conm-
bustior volume, and the i{nitial pressure. Using this model an' the progran
defined success criteria of 10 psig over-pressure the initial test vold was
calculated and the testing proceeded from that peint ir + 57 !ncremental
void changes. Initially all test configurations were tested uaing 25 ppi,
1.36 1b/ft3 reticulated polyurethane foam. After the best confipuration
for the fusvlage tank Specimen was established, 15 ppi, 1.35 1b/ft3
reticuiated polyurethane foum was tested in that configuration.

2.2 TFuselage Tank configurations

Four fuselage foam confijuratiorns were investipated. These configura-
tions were (a) lined walls, (b) voided lincd walls, (c) large flat end
hollow cylinders and (d) small flat and hemispherical ended cylinders shown
in Flgure 5. These configurations were variet in total void percenteges
as described in the following: paracraphs.

2.2.1 Lined Wall Confijuration

Vodel analysis of the lincl wall configuration for init{al pressures
of 3, 2 and 5 psig, predicted that the maximum allowable vo!ll percentages
would be L6, 43, and 39’ void respectively. This variation in void per-
centage wns adopted and prodetermined thicknesses of foam to obtaln 57
incremental voids from 3C to «5 percent were stacked on the specimen walls.
Tests were run by removing the inner most layer of foam after cach {gnition.

2.2.2 ‘'loided Linel vall Configurations

This configuration was basicually the samc as the lined wall configuratinn
with the exception that sixtecn volds within the foum werc included ac shown
in Figure €. The totul vold percentage was the sum of these internal voids
and the center void. Thc total void 7 for the configuration was varied from
30 to 607 using 10, 15 and 257 internal voids and 15 to “5% center voiding.
The vold sizes and wall thickness used ar> jiven in Table 1 and a photograph
of an actual set of volded wull segments is presented {n Figure 7.
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FIGURE 5 FUSELAGE FUEL TANK FOAM CONFIGURATIONS
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FIGURE 7 VOID WALL SEGMENTS
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2.2,3 Large Diameter Hollow Cylinders (Flat Ends)

Void percentages for the 15 inch diameter 12 inch long cylinders j
vere varied from 40 to 60%. Two sets of cylinders with varied wall and 1
end thicknesses were used for all testing. The firct set of cylinders
were configured with 2.75 inch walls and 1.0 inch ends and were used for
tests 1 through & given in Table 5. The second sct was fabriecated with
1.95 inch wall and ends and used for test number 7. Alteration of thic

set to 1.85 inch wall and end thickncss was made for tests 8 through 12. i
Tests 11 and 12 used the first set of cylinders with 2.4 inch thick walls

and ends. TFigure 8 is a photograph of this configurution installed in the E
fuselage tank. 1

2,2.4 Small Diameter H.llow Cylinders

Two configurations of 7.5 inch diameter hollow cylinders were tost:d, H
flat end 24 inch long cylinders and hemispherieal eni 12 irch long cyllrder..
The void percentage range for each configuration was obtuined by varving; the
inside diameter of the cylinders. The flat end configuration was tocote? fror {
30 to 509 total void while the hemispherical end cylinders were tested from
4C to 607 total void. Figure & is a photograph of the installed flat cr+
eylinders and Figure 10 is a photograph of a hemispherieal eni hollow vylin ...

2,3 Wing Tank Configurations

Two tank specimens were used, a three and six cell simulavel 300 gallon
wing tank previously described. Lined wall and egg crate foam conllruration:
as described for the fuseluge tanks were evaluated irn thece specimenz., 1.
addition to these eonfigurations 7.5 ard 15 inch diameter cylinders were
tested in the six cell specimen. Figures 1l and 12 are schematics of thes:
wing tank configurations.

Sxtensive work was eonducted on the egg crate design since beth the
void volume and foam wall thickness were investigated. (Table 2) The numb:r
of void volumes were varied from 4 to 2h per cell depending on the total
void desired. A schematie of a typical installatinn is shown in Figurc 1,
while photographs of the six und three cell wing tank installation ar-
presented as Figures 14 and 15.

Total voiding for these specimens was considerably higher than that of
the fuselage tanks in that the reclief to combustion volume for subdividel tanss
is naturally much higher. The total void percenuages tested for these con-
figurations ranged from 4O to 90% for the six cell:1 specimen and 30 to 8C7%
for the three cell wing tank specimen.

3.0 TEST PROCEDURE

The test procedure for all three tank specimens and all foam confijurations
was basically the same. After the desired foam configuration was fabricatcd
and installed in the test specimen the foam was wetted with JP-5 fuel. All
excess JP-5 fuel was drained off before ignition. The specimen was then
sealed and evacuated to 5 psia with a water educator in preparation for the
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FIGURE 8 15 INCH DIAMETER CYLINDER INSTALLATION
IN SIMULATED FUSFLAGE TANK

AF Y| ABTY NN

16

Y




e

75" Dia. Cyl. t
24" Lono Y R 1] ]
1.45" Thick :

45% Void

FIGURE 9 7.5 INCH DIAMETER CYLINDER INSTALLATION
IN SIMULATED FUSELAGE TANK ]
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7.5 Dia. Cy!.
Spherical Ends
12” Long
1.45" Thick
55% Voud

FIGURE 10 TYPICAL 7.5 INCH DIAMETER
CYLINDER WITH HEMISPHERICAL ENDS

GP?21.0937.49

18




/— Foam

Vo a2

!
{ ) |
\/’ \/I

Configuration A
Lined Walls

r=s r=—9 r—-s
i vl
el s R
e e
=9 r~9 =3
A b=l B
r=3 r=9 p=9
e gl ]
£% r-a r—2
el Bt )

Configuration B
Egg Crate

FIGURE 11 THREE CELL WING TANK FOAM CONFIGURATIONS

GP?71.0937 53




W oV ] [z e [ =]z
zd | zd a1z | Za | wa ) | Zd [ d | va )
I!EVI &vl v vzd | v | vz | vz | o | | i | o7 [z
v | vz vz | | vz | za | =d | |z | = | 7
Configuration A Configuration B
Lined Walls Egg Crate

QOIOCUC)
00000

Configurations C & D
Cylinders (Larp: & Small)

=R

FIGURE 12 SIX CELL WING TANK FOAM CONFIGURATIONS

GP71.0037 50




2l

suoyN SUON T 0°ST X O°'T X O°TT Y 9T-ST

ouoy T T 0°6 X 6°CT X 00°L 44 Y-t

(4 T T L°8 X 9°OT X 05°9 44 -8

S T S $2°9 X GZT°L X 6Z°9 \ (4 L%

S* T T C°9 X 9°G X GZ°9 (A €-T

(ut) (uT) (uT) (91) SpYoA JO Joquny

SSoWRTY] SSoWPTYL SSAWOTYL o81S Joquny 9891

w330d UoT3098 TT®M TT®D

puv dog, OTPPTH

SNOISNAKIO NOILVMNOIANDD HIVYD DN
1I TEVL




#

L
Bottom
Wing Tank Specimen y

/n° A°

FIGURE 13 SCHEMATIC OF EGG CRATE ARRANGEMENT GP71.0937.81

Cell Walls 4

Inside Walls




25 PPI Reticulated

FIGURE 14 FOAM EGG CRATE INSTALLATION

GP71-0937-18

R L T




Reproduced from
best available copy.

FIGURE 15 T'AREE CELL WING TANK
EGG CRATE CONFIGURATION

GP71.0937.85




introduction of the premixed pressurized propanc/air mixture. The propaae/
air mixture was made up in & separate mixing tank by introlucing a pre-
determined partial pressure of propanc into the tank and pressurizing the
tank with shop air to the calculated total pressure reguired. The mixing tank
and the specimen tank were manifolded together and brought to pressure
equilibriwae ia the intercornascting plumbin ¢ shown schemutiealily in Figure 17,
After equilibrium was cstablished the mixling tank wus fsolatei and the test
specimen was bled down through the bomb sampler to the desired initiel
pressure O, 2 or 5 psig. The bomb sampl :r was then isolated from the
specimen by valving. The sample mixture was i nited and the peak pressure
recorded prior to cach teat. This procedure verified the explosive nmixture
conditions and established the adiabatic expansion factor used !n the

model and data analysis.

The ignition of the test speeimen's explosive mixture immediately
followad that of the bomb sample, After the completion of this test
sequence the complete system was purged and made ready for the next test.
Foam void configurations wer> varied as were the initial pressures until the
resultant spceimen tank over-pressure of 10 psig was excceded and suffclent
data was obteined to define the configuration performance. Then a ne. ccn-
figuration of foam was introduced intn the program.

L.0 RESULTS AND DISCUSSIOH OF RESULTS

All of the data for the three tauk specimens and thelr respective foam
configarations are presented in four woys. The raw data is prescnted as
tables, whercas the reduced data i5 presented graphically (1) as physically
installed and tested (2) accordini; to the theorcvtical model und (3) in
summary bar form. The grarhs of the "as tested"” arc in the form of total
installed void percent versus peak combustion to initial absolute prascure
ratio. The {otal instadled void percent is also the perceant reduction in
weight and volume penalties for the foem system and thus of dircet value
to the designer. Absolutc peak combustion to initial pressurc ratics arc uccd
instead of AP's in that theoretical censiderations predict that this approach
will normalize the cdata for different [nitial pressurcs thereby consolidating
the graphical data. Although this normalizing was not roealiced it is still
felt that the pressure ratio presentution i{c uscful ani convenient.

The second form of the data correlatlon prasents th: nctual relief to
combustion volume ratio to the various observed peak combustion to initial
absolutc pressure ratfos. Flotting the data in the relicf/combustion volume
theoretical form provided a means of monitoring the data for rross deviations
and interpretation of the results., In many caces particularly where iaternal
void configurations were being tested several pressurc peaks were observeld
on the oscillograph traces. The first observed over-pressure correlated with
the initial ignited volume whereas the intermediate peak over-pressure was
shown to correclatc well with the total vo!d volume, indicating burn through
or ignition of the secondary inncr volds. OSince straight line, simulated pro-
Jectile ignition was used in the testing the relicef volume to combustion volume
varicd from one configuration to another cvcn though the total void percent
was the sanme.
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The bar graphs are presented to provide a simple visual comparison of
the foam voiding configuration capabilities ss compared to each other. From
these graphs the superior configuration for any of the program test parameters
can be easily determined as indicated by the solid bars.

4.1 Fuselage Tank Results

Tables 3 through 8, present the test conditions, configuration and
combustion over-pressure data for the simulated 100 gallon fuselage tank.
Only the maximum or peak combustion over-pressures are given in these tables.
The average peak over-pressures were converted to absolute pressure ratios
and plotted against total void volume. These plots are presented in Figures 7
through 32. The theoretical relief/combustion volume curves are presented
as Figures 24 through 31.

L,1.1 Lined Wall Configuration

The lined wall foam configuration data are plotted in Figure 17 and
can be seen to correlate quite well with the theoretical curve up to %407
voiding even though the initial pressures were varied from O to 5 psig.
These same data also correlate quite well with the theoretical model
parameters as shown in Figure 2L, The divergence of data from that pre-
dicted theoretically is caused by penetration of the flame front into the
foam. Flame penetrstion into arrestor materials werc observed in the movies
and is known to be a function of both pressure and foam pore diameter. Tt
can be clearly seen that both parameters prevail by inspecting the three
curves; theoretical, 25 and 15 pores per inch foam in Figure 18. The 25 ppi
foam configuration was adopted as the base line to compare with other
configurations and therefore appears in all the fuselage tank configuration
graphs.

L,1.2 Voided Lined Walls

This configuration was essentially the same as the previous discussed
lined wall configuration with the exception that closed "hidden" voids con-
stituting 10, 15 and 25% of the total tank volume were incorporated in the foam
liner. In all cases this additional voiding was divided into 16 individual
cells of which two were included in the initial ignition volume. Consequently
one-eighth of the additional voiding was negated thereby displacing the curve
above the base line as seen in Figures 18 through 20. In the case of the 10%
voided wall configuration the theoretical shift of 7/8 of the additional voiding
was obtained out to thLe 45% baseline point. However in the case of the
15 and 25% voided lined wall configuration full theorevical improvement
was not obtained as several of the wall voids ignited during the test.
The data are good however, as can be seen in Figures 26 and 27. In these
plots the peak over-pr: -sures are plotted against the theoretical curve parameters
and are seen tn correlate. In addition the initial or intermediate pressures are
plotted against ‘he initial combusrtion relief volumes where applicable and
maximum pressure against the assumed total void combustior volume to relief volume.
The latter plot correlates well with the theoretical curve and therefore it can be
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concluded that all inner voids are burning, but on a 7 layed basis. The
size of the center void volume, in addition to wall thickness, affect: the
performance or this approach, This is to bc expceted in that as previously
discusscd the larger the center void volume “he greater the resultunt heat
flux, precsure and depth of penetration. Graphically this can b2 chserved
in Figures 19 and 20 for the 15/ and 25% voided wall configuration. The
center void volume in the 157 voided lined wall configuration was greater
than that of the 25% voided wall configuraticn for the same total void [,
therefore flame penctration and burning of the voids within the foam occurs
sooner for the 15% configuration. This did not occur with thc 10% voided
foam liner since the foam thickness to combustion volume was greatcr. These
results would lead to the conclusion that an optimum void volume to foam
thickness cxists and that if all voids were uniform the optimum total
voiding could be reached. This optimum configuration would be an egg crate
configuration with more and more voids as the tank volume got larger. 'This
relationship is further supported by results from other configurations and
larger cell tests to be discussed.

. %.1.3 Large Diameter Hollow Cylinders

This configuration was juite successful, The small number of voids and
the resulting grecater foam thickness to combustion volume can probably be
credited with the success. There were fcur internal volds of wnien twe in
addition to the void external to the zylinders were initially ignited. The
expected improvement. in voiding performance was realized at zero psig initiol
pressure as can be seen from Figure 21, At higher initial pressurcc however
the depth of flame penctration caused all of the internal voids to burn us
evidenced in Fipures 21 and 23. UYhen all wie valds burnod the confipuration
reverted to the vaseline performance,

L,1.% Swall Diarcter Hollow Cylinders

Two configurations of hollow 7.5 inch diameter eylinders werce tested.
Flat end twenty four inch long and hemispherical e¢nd twelve inch long
cylindcrs of four wall thicknesses wer2 run. Fipures 22 and 23 show the
performance of thesc two confipgurations. 1t 15 quitc apparent that the
shorter hemispherical end cylinders were superior. Of interest here is the
divergence from predieted parformance, The diffcerent {i1itlial pressures rave
different curves which plot below the bascline. Sorme explanation of the
pressure phcnomena can be piined by looking at Figures 22 and 30. In these
it is guite obvious that necarly all the flat end cylinders werc penetrated
as werc all but three test conditions for the smaller hemisphcriecal end
cylinders. The flat end cylinders had a smaller initial combustion volume
and yet performed more poorly. The principal difference war the flat end
cylinders hai small externul combustion volume channels which tend to slow
flamc speed. This slow flame frecly penctrates the foam. One explanation for
the data below the baseline is the fact that in the positive initisl pressure
tests where this is evident, higher resulting combustion pressure occurs thus
the flame penctrates into the foam from both sides and subsequently burns more
vapor. This ¢ffect was discussed when the baseline was establish:d,
(Paragraph h.1.1)




4h,1.5 Fuselage Tank Summarv

Figure 32 summarizced th-: results of all the fuselage configurations
tested. The thrce bar grapns for 0, 2 and 5 psiyg show that the large
hollow cylinders are best for 0 psig tankage while the 10% voided lined
wall configuration is bettcer for the 2 and 5 psig initial tank pressure system.
These results might well be djfferent for larger or smaller tanks in that
the combustion volume has a direct proportional effect in system resultant
pressurc risc., Further, the multicell two or three tier egg crate configuration
not Investlgated might wcll out perform either of the two best candidates
thus far cvolved as the peonctry of this configuration allows for greater
vold percentages while kccping the combustion volumes small.

L,2 Six Cell Wing Tank Results

The tank specimen used in the following series of tests contalned six
cells 2ach of 50 gallon capacity. There were four foam configurations tested,
The results and tcst parameters are presented in Tables 9 through 12. Tha
test configurations were lin=d walls, ege crates, and cmall and large hollow
cylind:rs. Figures 32 throurh 39 pereent the data In grapnical form.

4.,2,1 Six Cell Lin:d wWall

The lincd wall system was given only a cursory investigation since
previous MCAIR tests revesaled that this rlesipn used in an 807 vold configuration
in a relatively small scale test fixture produced excellent results. Testing
for this -onfiguration was limited to an 807 void arrangement at 0, 2 and 5 psig
initial pressure to determinc the applicability to larger size wing tanks.
The limit of cell size to volding for this configuration is still now known and
should be further investipgated.

4,2.2 U0ix Cell =gg Crate “onfiguration

Extensive work wus conducted on the egy rrate deslign since toth the
vold volume and foam wall thickness had to be optimizaed. Table 10 contain:c
the data for this configuration while Figurcs :2 nnd 36 present the results
in graphical form. 1t can be seesn that this configuration works best with
one inch foam separation walls. This thicknecs ic characteoristie of the
25 ppi foam. Smaller pores would rejuire less thicliness uhile larger porcs
would reguire a grcater thickness. The percent void allownble for the 10
psig over-pressure criteria wac found to b» 92, 87, and 73 for 0, 2 and 5 paig
initial system pressurec.

L,2,3 Gix Cell Large Hollow Cylindars

Figures 34 and 37 present the results for this configuration whil:
Table 11 contains the data. The performance huere matched that of' the
fuselage tank tests., ‘Jhile only two points werc cstablished for the wing
tank they correlated well with the fuselege tank results as shown in Figur: b,

29




L,2.4 Six Cell Small ¥ollow Cylinders

Figures 35 and 38 present the results for this configuration while the
data are contained in Table 12. From Figure 35 it can be seen that
three curves, one for each initial pressure test condition, were obtained.
: The smaller 7.5 inch diameter cylinders in this size tankage performed
better than the 15 inch diameter cylinders. Equivalent results however
were obtained in the fuselage tunk at greater void percentages.

%,2,5 Six Cell Configuration Summary

In general for the six czll ;07 gallon wing tank it can be concluded
that the egg crcete followed by the. lined wall configuration were the better
designs (See Figure 39). The ho’.low bodies are more sensitive to initisl
pressure and when flame penetration into the inner voids occurs greater than
the theoretical minimum pressure results. This latter fact is probably due
to a pumping action where the outside ignition pushes some combustibles
into the foam followed by internal ignition pushing it back out to be further
reacted. This action does not occur with the lined wall or egg crate design
f since there is no external/internal voiding. The lined wall and egg crate
configurations act in one direction resulting in data that falls very near
to the theoretical predictions.

4.3 Three Cell Wing Tank Results

Tests for this segment of the program were carried out in a three cell
300 gallon specimen. Two foam configurations werec tested the results of
which are presented in Tables 1% and lk. The configurations tested were
lined wall and egg crate. The data are graphically presented in Figures Lo
through b4,

%,3,1 Three Cell Lined Wall

| Only ambient pressure system tests were conducted with the lined wall
configuration as the performance resulted in only a 477 void system. The
degradation of performance of this configuration in the three celled specimen
{5 due to the larger combustion volumes with respect to foem and relief
volumes. It is interesting to note that this void percent is the predicted
valuec for the equivalent size fuseclage tank.

«,3.2 Three Cell Egg Crate Configuration

The egg crate configuration performed to a 42% void at the 0, 2 and 5
psig initial system pressure. Once again the larger voids in the three celled
specimen for the egg crate configuration dictated the limit of performance.

In only one case did the flame fall to penetrate the walls of the egg crate
voids. From Figure 43 it is obvious that for the remaining tests all avail-
able void volume was ignited as the calculated data for combustion of all voids
plot within testing tolerances of the theoretical curve.




L4.3.3 Three Cell Configuration Summery

Tests in the three cell specimen reveal that lined wall and egg
crate foam configuration perform equally well. (See Figure LL). The
larger initial ignition volumes substantially reduce the void possi-
bilities because of the reduction of Vr/Vc when considering Vc equal
to ignition volume only. Reducing the size of the voids does not in-
crease the total possible system void if a one inch minimum foam wall
thickness is maintained.




SECTION III
CONCLUSIONS A" RECOMVENDATIONS
5. CONCLUSIONS

The Phase I tests of this program have shown that aircraft fuel tanx
fire and explosion suppression may be readily accomplished by the use of
voided reticulated polyurethane foam systems. Fuel tank size and shape as
well as foam cor“iguration have proven to dictate to a degree the amount
cf voiding possible when using the prosram success criterion of 10 psi
combustion over-pressures,

o The largest percentage void (58.5%) for 100 gallon fuselage tanks
at O psig initial pressure, was obtuined using fifteen inch diameter
hollow foam cylinders.

o The greatest amount of voiding in fuselage tanks was obtained with
the 10% voided lined wall configuration with 52 and 47.5 percent
totel void for the 2 and 5 psig initial pressure.

o The 807 void, lined wall foam configuration was successfully tested
at 0, 2 and 5 psig initial pressures in the 300 gallon, six cell
simulated wing tank.

o The six cell wing tank egg crate pattern performed within 10 psi
maximum combustion over-pressure to 92% void at 0 psig initial
system pressures.

o The lined wall foam configuraticn performed satisfactorily up to
5% for the three ce)l 300 gallon simulated wing tank.

o The egg crate configuration for the three cell simulated wing
tank specimen provided 407, 30% and 507 meximum vcid with 0, 2 and
5 psig initial system pressure respectively.

o No special installation technijues were required for any of the
foam designs tested. The hollow body configuratin..s were assembled
with adhesive prior to installation while the lined wall anc egg
erate patterns were held in place within the respective tank by
cutting the pieces oversize and compressing them in place.

6.0 RECOM-ENDATIONS

It is recommended that further testing of the lined wall and egp crate
configurations be conducted using actual aircraft tanks and a gunfire ignition
source. Further it is recommended that tests be conducted to determine the
maximum and minimum opening between cells to determine their effect on the void
concept. Hollow spheres should be tested in future work as this configuration
appears to be promising and yuite adaptable to system retrofit.
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FIGURE 24 PRESSURE RATIO vs RELIEF TO
COMBUSTION VOLUME RATIO-LINED WALL

FUSELAGE TANK
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FIGURE 25 PRESSURE RATIO vs RELIEF TO COMBUSTION VOLUME RATIO
10 PERCENT VOIDED LINED WALL
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FIGURE 27 PRESSURE RATIO vs RELIEF TO COMBUSTION VOLUME RATIO
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FIGURE 28 PRESSURE RATIO vs RELIEF TO COMBUSTION VOLUME RATIO
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FIGURE 30 PRESSURE RATIO vs RELIEF TO COMBUSTION VOLUME RATIO
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SECTION IV

PHASE II TEST PROGRAM

1.0 TEST SET-UP

1.1 Combustion Sct-Up

The Phase II test set-up for evaluating arrestcr effectiveness characteris-
tics consisted of two 30-inch long 8-inch diameter 3/9" wall thickness plexiglass
tubes, Jjoined with a divider plute containing 50% open area. The tube set-up
was designed to withstand the full combustion over-pressures generated by either
a stoichiometric JP-u4/air or propane/air mixture. Combustion volume to relief
volume ratios of 1 to 1, 1 to 5 and 1 to 10 were provided by using predetermined
lengths of plexiglass tubing for the combustion side of the system.

1.2 Instrumentation

Instrumentation consisted of strain gauge type pressure transducers located
in each end of the plexiglass tube arrangement and a LO-gauge cromel-alumel
thermocouple placed in the combustion side of the system. Pressure, temperature
and ignition time data were recorded at 1000 cycles/second system response on
oscillograph traces at 15 inches per second. The temperature data was used as
a fire verification only. The combustion side of the tube was calibrated with
spaced tape strips along its length and high speed movies (1000 frames/second)
were taken to obtain flame speeds.

1.3 Zxplosive Mixture

The explosive mixture used for the combustion tests was the same as described
for the Phase I cffort, basically stoichiometric propane/air mixture. A chemieal
analysis of the commercial propane used in the program !s included in Appendix I.

1.4 Ignition System

The power supply for the ignition system fcr the Phase II combustion tects
is described in the Phase I test program. Ignition was accomplished by a point
source ignitor with a 1/l-inch spark gap. Spark ignition was initiated at the
mid-point of the combustion sidc of the tube set-up.

1.5 Fuel Flow Pressure Drop Set-Up

Fuel flow pressure drop tests were conducted using the 8-inech plexiglass tube
sct-up described in Paragraph 1.1. The two-inch thick test specimens were
bonded to the divider plate cont:aining a hole which was 50% of the cross secetional
arza, A flow straightener consisting of a 2-inch thick piece of aluminum
honeycomb was installed in the flow tuvce inlet section. ‘Fluid pumping rates were
varied from 50 to 150 gallons per minuve using JP-4 at ambicnt temperatures as
the i{low media.
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1.5.1 Fuel Flow Test Instrumentation

Data instrumentation consisted of a turbine type flowmetcr connected to
a freguuncy counter to measure fuel flow, a U-tube manometcer for meacuring test
spceimen differential pressure and a pressurc gauge to measure fucl inlet pres-
sure. Flow measurcrments were taken from a digital read-out typc Beckman eounter.
System accuracy for the flow instrumentation was + 2 percent. 4

1.6 Thermophysicel Properties Test Set-Up

1.6.1 Thermal Conductivity

A guarded hotplate apparatus with + 2% accuracy within 2 mean temperature
range of 150 to 800°F was used to generate the thermal eonductivity data.
Measurcmants were taken, with the materisl in a vacuum, in inerements of 100°F
over a mean temperature range of 150 to LOO°F.

1.6.2 Speeific Heat

" Data for the specific heats of selected materials was taken with a Thermo-
physics liodel AC-100 adiabatie ealorimeter. Tempercture Iinerements of 1007
over a range of O to 400O®F were used for speeific heat date points with an
aceuraey of x2%.

1 1.6.3 Differential Thermal Analyzer

The Robert L. Stone lModel KA-2HD differential thermal analyzer was used

A to determine material mclting points, latent heats and heats of rcaetion. This
technijue measures the differential temperature between an inert reference and

\ the sample material due to chemiecal reaetions as a funetion of temperature. Data
is rccorded on thermograms which are shown in Figures 45 through 53.

* 1.6.4 Surface Area
; Surface area measurcments were made by the American Instrument Co. using
{ a huminico Model AFA 4. This device measures surface area by thc low temperature

gas absorption technique where the juantity of gas necessary to form a mono-
layer of gas molecules on the surface of thc material is mecasured and recorded
as surface area per unit material weight.

2.0 MATERIAL TEST CONFIGURATIONS

2.1 General

All material specimens for this phase of the program were tested in 2-inch
thicknesses, cylindrically-cut to fit inside the plexiglass test set-up.

2.2 Material Configurations

Sixteen basie materials and configurations were tested to demonstrate their
arrestor effectiveness. In addition, eleven coatings werc applied to these various
materials and configurations varying their chemical and thermophysiecal prcperties
to determine any relationships applicable to their arrestor effectiveness. The
material configurations and coatings tested are presented in Table 15. Table 16

deseribes these materials and their respective properties.




3.0 TEST PROCEDURZ

5.1 Combustion Tests

In order to evaluate the many material configurations with a minimum number
of tests, a test procedure was set up so as to test materials at the least
severe test conditions first where failure would climinate further testing of
that material. This was accomplished by arranging the test set-up with a com-
bustion volume to relief volume ratio of 1 to 10, initial system pressure of
0 psig and the material wetted with JP-5. Opecimens that failed to show flame
arrestor capabilities within the defined success criteria at these conditions
wera eliminated from further tosting.

Ignition test procedures were the same for each specimen and test para-
meter. The samplc was bonded to the plexiglass tube divider plate and weighed.
The specimen was then wetted when applicable, allowed to drain for five minutes
and again weighed. The divider plate and attached specimen were installed in
the set-up and the pr:scurc in the plexiglass tube reducad to 0.5 PSIA by a water
eductor system. A pre-nixed stoichiomectric propane/air mixture was introduced
into both ¢nds of the terst fixture to a positive pressure, vhich was then vented
throush the bomb-sompler. ‘hen the desired test pressure was established, the
vent was closed and the mixing tenk and bomb-sampler isolated by closing the
necessary valves. The bomb sample mixture was i{gnited and the pressure monitored
to verify the stoichiometric mixture of thec prOpane/air media, The mixture in
the test article was then ignitcd and pressure and temperaturs mcasurements
recorded on an oscillograph trace.

After the system was purged, the test plate was again weighed (Table 17).
If the tested spccimen was effective in limiting the system over-pressure to
within the defired success criteria, the test was repeatei at 2 and subsequently
5 psig initial system prcssure., This procedurc was repeated with combustion
to relief volume ratios of 1 to 5 and 1 to 1.

Coatings as listed in Table 15 were applicd to materials that showed a
measure of success Including all the honeycomb configurations in spite of their
poor performance. Tests on these coated materials followed the sane sejuence
as described in the previcus paragraph.

Both wet and dry sample tests werc conductcd. Wetting agents included
JP-5 and water.

3.2 PFuel Flow Tests

Fuel flow pressure-drop tests were zonducted on candidate materials using
Jr-b as the fluid media. The specimen vas bonded to the plexiglass tube divider plate
and installed in the test set-up. Pressure-drop readings were taken while
increasing and decreasing flow rates from 50 to 150 and back to 50 gpm. Iata
for thesc are shown in Table 18 and Figures Sk through 59.
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3.3 Thermophysical Properties Tests

Thermophysical properties tcsts were co.ducted on candidate materials as
listed in Table 19. Thermel conductivity measurements within + 2% were made in
increments of 100°F over a mean temperature range of 150 to LOO®F. Each of the
test samples was sandwiched betwee: the heater plate and a water-cooled heat
cink. The heat through each test sample (onc-half of the total electrical
power supplied to the ceatral heater) was maiually adjusted by rhcostates.
Rheostates were also used to manually match the tempcrature of thc guerded hcater
to the temperature of the central heater, Lhus ensuring a unidirectional heat
flux through thc test samplec. By mcasuring the electrical power supplicd to
thc central heater, the temperature drop across each test sample, and the thick-
Less of each test sample, the thernal conductivity of the test material was
calculated at steady-state by mcans of thc one-dimensional form of Fourier's
law of heat conduction. Duta for these tcsts arc shown in Figure 60.

Specific heats of the materials were measured i{n Iincrcments of 100°F over
the range of O to L00°F. The sample wac installed in the smaell flat box
calorimeter which was lowered into the adiabatic guard chamber. A radiation
shield was folded around the guard chamber and a vacuum bell-jar placed over
the cntire assembly. Aftcr evacuation f the enclosure, lijuid nitrogen flowed
through the cooling coil which wus an integral part of the adiabatic guard
chamber, thus lowering thc chamber and calorimeter to their initial starting
tomperature. Upon reaching the desired low tcmperature, the heater on the
calorimeter wus turned on arnd a rogulated presct D.C. power, was supplied to the
calorimeter and contained sample. The encrgy supplicd to the calorimeter scrves
only to raise thc temperature of the calorimcter plus the enclosed sample.

The heat supplied per degr2c rise in temperaturc vrepresents the hecat capacity
of the two. OSubtracting the predctermined hcat capacity of the calorimeter
from the totel ylelds thc heat capacity of the sample. The specific heat of
the sample was obtained by dividing the sample heat capacity by t.a :uss of
the sample. Data for thesc tests arc shown in Figurc 61.

Melting point, latent heat and heats of reaction were determined by differ-
2:tial thermal analysis. The specimen was placuel fa contact with onc junction
of a differential thermocouple while the other junction was placed in contact
with an amount of high purity alumina having the same thermal mass as that of
the specimen. Temperaturc was then increased at 2 programmed rate in a con-
trolled atmosphe~e., When the specimen undergoes an exothermic or endothernic
reuaction, the Jjunctions of the differential thermocouple become unbalanced
and an emf is generated and recorded. OSee Figure 45 through 53.

Specimen displacement volumes were obtained by submerging a weighcd sample
in a graduated cylinder partially filled with a known fluid. The displacement
volume, V4 in percent of total bulk volume is given by:

Svt = Pb/Pt (100)
Pt = true density
P.. = bulk density




Fuel retention of the three successful combusticn candidate materials was
determined by submerging a weighed test semple in a room temperature fuel bath.
The sample was then drained and re-weighed.

Surface area was measursd by a low temperature gas absorption technijue
which measures the juantity of gas necessary to form a monolayer of gas
molecules on the surface of a weifghed sample.

L,0 RESULTS AND DISCUSSION OF RESULTS

L,1 Combustion Tests

Data for the combustion tests of the Phrse II effort are presented in
tabular and graphicel form, Table 20 and Figures 62 through 65. The tables
represent the raw data and reflect pres~ e increases from combustion for both
the ignition and receiver sides of the test article. Testing of each specimen
was initiated at the least severe system parameters of combustion to relief
volume ratio of 1 to 10 and a JP-5 wetted specimen. Where material flame
arrestor effeetivencss at this eondition did not mezt the defined success cri-
teria as previously discussed, no further combustisn testing was performed with
that specimen. It can be seen from Teble 20, that considerable effort was
saved using this methed in that a grest number of material configurations
did not warrant further testing.

Graphs of the Phase II data are presented in the form of relief volume to
combustion volume ratio versus the absolute final combustion pressure to initial
system precsure ratio. Only 9 materials eould be tested at a sufficient number of
system parameters to successfully “e graphed. Thece are shown in Figures 62
through 65 and give excellent correlation with the theoretical curve &s pre-
viously established., Other materiel data points where obvious failure occurred
eorrelate witk this tucoretical curve when the combusticn volume is made ejual
to the total tube system volume minus the material volume. These were not
plotted as the pressure rises and rise rates were too great to be useful as an
aircraft fuel tank suppressant system. It can be seen that data eorrelaticn
using this method is accomplished with the Phase I effort of the program. Of the
nine configurations tested only three base materials produced results which
warrant their consideration as effective flame arrestors. These were 25 ppi
reticulated polyurethane foam, fire cxtinguishing foam and 3 Scotch Brite
felt. Aluminum tube core and polyester screen produeed erratic results and
therefore their degree of success is gquestionable with respect to this testing.

The 25 ppi foam successfully suppressed the explosions for the follow!ng
test conditions:

(1) vr/ve ratio of 10/1 at O, 2 and 5 psig initiel system pressures with
wetted, water-wetted and dry materials.

(2) Vr/ve ratio of 5/1 and 1/1 at O and 2 psig initial pressure with JP-5
and water-wetted mater!al,
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The fire extinguishing foam was effective for the following test condit‘ons:

(1) Vr/ve ratio of 10/1 and 5/1 at 0, 2 and 5 psig initial system pressure
with JP-5 wetted, water-wetted and dry material.

(2) vr/ve ratio of 1/l at O and 2 psig initial pressure with both wet
and dry material.

Scotch Brite materisl was successful at all ratios of Vr/Vc tested for
0, 2 and 5 psig and wetted or dry material.

Coatings were applied to various materials as listed in Table 1f and in one
case showed marked improvement in the results., Aluminum tube core coated with
flourel in a Vr/Vc set-up of 10/1 at ambient initial pressure reduerd the combustion
over-pressure from 17.5 psig to 1.5 psig. This only performed with such over-
whelming results in one case of several similarly coated materials, but indicates
that with the right combination of materials, configurations and coatings ecan
provide improved flame arrestors. Other coatings tested showed {improvements also,
reducing combustion over-pressures by from 12 t0 24?. Polysulfide-coated 1/8-inch
perferated eluminum honeycomb showing a 127 reduetion in over-pressures and glasc
resin-coated fiberpless providing the 247% change. Recults of o%her material and
coating combinations ranged between this minimum and maximum percent improvement
as can be seen in Table 20. Coated foams showed little if ary improvement over
the base material results and in the case of the KBr and KI coatings, higher com-
bustion over-pressures were obtained. Copper-coated foam h-s a greater flame
arresting effectiveness than nickel-coated foam or tne vase polyurethane foanm
materiuls from an over-pressure standpoint.

Water and JP-5 wetted arrestor material performed better than dry materials
with respect to limiting pressurc rise and flame propagaticn. The water wetted
samples performed only slightly better than the JP-5 weited and dry specimen at
large Vr/Vc rotios in spite of the overwhelming thermal sink. This would indicate
that the action was more physical or chemical than thermal. At low Vr/Vec ratios;
i.e., 1:1 only the vetted material was successful in sliminating fleme propation.
Iierc again the water wetted samples only slightly out performed the JP-5 wetted
materials indicating strong eciemical effects,

Flame speeds for the combustion tests condueted at O psig initial pressure
with a stoichiometric propane air mixture were measured by high speed motion
pictures (1000 frames/sec). The number of frames that were spent showing the
propagation of the ignition kernal in the calibrated tube were counted aad the
flame speed calculated. The average flame speed for these tests was 19 ft/see.

L,2 Flow Test Results

Results of these tests are given in Table 18 and shown in Figures 54 through
59. Of the three most successful arrestor test materials, the 25 ppi foam
resulted in the lowest pressure drop. As can be seen from the tabulated data,
pressure drop reading for the foam and felt materials do not repeat as the flow
is cycled from 50 to 150 to 50 gpm rates. This is due to the collapsing of
the material as the flow 1s increased and the failure of the material to regain
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its original shape as the flow is decreased. After a period of time, the
material does return to its original shapc and the tests results wecre
repeatable, laterials felt to have promising flame arresting capabilitlies
in adiiticn to the three discussed above, were also flow tested for data
correletion purposes and system analysis,

L,3 Thermophysicel Properties Test

Thermophysical properties measurements, included thermal conductivity,
specific heat, surface area, bulk density, specific fuel retention,
melting temperature and heat of reaction of selected materials. Con-
figurations that showed little or no potential flame arresting capabilitics
were not carried through the complete thermophysical properties testing in
that no benefit could be realized toward thc comparison of materials without
successful combustion test data., Table 19 shows the data applicable to the
various materials., Figures 60 and 61 represent the thermal conductivity and
specific heats at various test temperatures., Flgures L5 through 53 show the
traces from the DTA measurements., Thermal conductivity and specific heat
data have been included as ¢ variasble in the regression analysic of Phase III
of the program and are given in Section VI of this report.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

5.0 Conclusions

Phiase II of the program has shown that other materials and configurations
can be effectively employed as fire and explosion attenuators in aircraft fvel
tanks., Although the number of material configurations that performed within the
test article was not representative or an actual aircraft fuel system.

o The most efficient flame arrestor materials tested for all
combustion parameters considered were the 3M polyester felt,
(Scotch Brite) followed by fire extinguishing and 25 ppi
Scott reticulated polyurethane foam.

o The proper combination of material configurations and coatings
can be effective flame arrestors. Felts and foams appcar to be
the most promising configurations.

o Large pore diameter materials are not effective flame arrestor
configurations,

0 Wetting the material affected system performance from an over-pressure
standpoint and showed a greater flame arresting effectiveness where the
Vr/Vc ratios were small.

T

0 More material demage resulted in tests with dry svnecimens.

o The combination of fiberglass honeycomb coated with glass resin
produced the greatest improvement in arrestor effectiveness due
to coating addition.

o JP-4 fluid pressure drop is lower for the 25 ppi reticulated
polyurethan2 than other equally effective foam and felt materials.

o The material thermophysical properties of thermal conductivity and
specific heat have a small effect on the explosion attenuating
effectiveness,

6.0 RECOMMENDATIONS

It is recommended that further testing of arrestor materials be conducted
where specimen thickness to combustion volume can be varisd and the L/D ratios
for effective flame arresting can be determined. It is also recommended that
these tests concentrate on foam and felt materials. Ignition energy also
needs to be investigated as a variable for this type system.

Preceding page blank

87




Heat of Fusion

Temp of Fusion

Heat of Reaction «
cp = 0.84 Btu/# ~

s 134 cal/qr
3080 cal/gr

Of

= 200°C
Temp of Reaction = 288°¢

i

1 1 1
500°C (932°F) ~

A~

400°C {752

2oo¢c¢392°F>~mn—-¥{

Melting
Point

25 PPt FOAM

Exothermic \
FIGURE 45 DTA TRACE

Endothermic e

150 4V 2.239 mg Semple

. QPTY.1008.9




Heat of Fusion = 17.6 cal/gr | | 4
’ Heat of Reaction = 2630 cal/gr | i l
cp = 0.48 Btu/# —°F } :
Temp of Fusion = 210°C ‘
Temp of Reaction = 227°C/ |
Il | i
500°C (932°F)
| |
| i {
r ' :
| -
: |
u !
I‘ | i i :
| [ i i
| ' i Aisie) R
400°C (7529;1—{L— g
T !
| | |
| | ;
| i
e |
| ! |
: m— — |
- ‘ [
| 1 ! ‘
R
s 1
l | ] |
: l | -
300°C (572°F) —
|
| ! | | | -
sEZR
| ! | |
l .
‘ | 1 f 1 | ] ’
\ | | | | 1
| ! | ( i
’ ! o
! =1
' | | /—Melting Point
200°C (3929F) = T’ l |
| ; | |
|
L | Exothermic <~ Endothermic —
FIGURE 46 DTA TRACE
FIRE EXTINGUISHER FOAM 150 uv  2.451 mg Sample
GP71-1605 11




R SIS

Sy .

Heatof Fusion  ~ 8.4 calfyr ; i
Heat of Rsaction 2630 eul/gr
ep = (L53 B/ . Op ‘
Temp ol Fusion = 215°C k 4 5 i
i ! 4
iTemp of Reaction = 2819C / - :
i 1 t ! ' i : !
ol A |
10320F ) 5009C fomdion . :
A f/ I - |
Lo B KR G i i
? |
| . .
L
. : t
. i i H 4 i J
! S
F———eee (1 520F) 400°C ‘
s | | I ! L
| ‘ — 1
; : : f . ‘ :
LT , : 1
! P ; : = !
ST | f B
by ¥ :‘ f '
P c : | j |
: H H i i ¢ R !
i ; (57297 3ono¢ -\l ;
i ; . i i
P | j s :
i i E § ] k
o
i ‘ . ;
IR |
o] o IR
! i : ; - Muaiting Point
R : [
| * {3929F) 2000C —epoeme Co

~cxathermic

FIGURE 47 DTA TRACE

3M SCOTCH BRITE

g i

wme E SOOI

Q0

180 uV  2.647 mg Sampls

GPYE 0N 12




Heat of Fusion = 76.3 cal/gr
Heat of Reaction = 3520 cal/gr

" cp = 0.47 Btu/#°F
Temp ol Fusion =225°C Y,
| Temp of Reaction = 275°C y,

\ / 500°C (932°F)
i [
|

N | | o~
r
i

, \

] \
~ \
\

N

—~

‘ te—— t At

Y|

| L I ! 3000C (572°F)-L——L ;
+ o : \

i I
i M|
200°C {3920F) ——

L

Reverse
Polarity

—

P

1
L Endothermic 4

| Exothermic

FIGURE 48 DTA TRACE

25 PPI FOAM COATED WITH POLYSULFIDE 150 uv  3.581 mg Sample
GP71 1605 14

9




Heat of Fusion  « 70.0 caligr
Heat of Poaction = 2760 calfgr

ep = 0.69 B/# OF E

Temp of Fusion = 2300%¢
Temp of Reaction = 29200/7

5000¢ (93207 ) == /

//,,//

Exothermic -

H

200°0C {3920F ) ==

Melting
Point

|
Endothermic

1

|

FIGURE 49 DTA TRACE

25 PPI FOAM COATED WITH GLASS RESIN 150 uV  3.300 mg Sampla

92

QP7T1 1805 10



R R e, R N, s e

Heatof Fusinn  « 130 cal/gr
Heat of Resction = 2240 gal/gr
ep = 0.33 Bra/.Or
Temp of Fusion = 2449C
Temp of Reaction - 289°¢

5007C (9329F )~

40007

S :

l i
E N,
Melting Poimt
200°C (392°f’ e
|
P00 l
| Exothermie Endothermic

FIGURE 60 DTA TRACE
25 PP FOAM COATED WITH REDAR VITON

93

1504V 4,137 mg Sample
GPTY-1800 )




Heat u? Fusion = .:37.8 cvalg'qr
Heat of Reaction « 3320 cal/gr
~op = 0.41 Bru/# -OF
Temp of Fusion = 2269C
_Tamp of Reaction = 287°C A
500°C (9320F) ==/
: !
! !
|
i
! |
| H
i 3000C {572°F) —+
é B %
z ?\
) : i: i 3
i ‘ "
‘ i i | ! : 4
A P
i ! | E :
| | ? ' i b— Melting
I ! e Point
o i ,
L N
! ! 2000C (3920 F ) e
7 |
1 | |
Exothormic Endothermic

FIGURE 51 DTA TRACE

25 PPI FOAM COATED WITH KEL-F

gh

150 uV  3.067 mg Sample
ar¥1 006 1

i



+- Heat of Fusion 27 7 caI/gr
; i - | Heat of Reaction = 1830 cal/gr
‘ | : cp = 0.18 Btu/#-°F
. ~ i Temp of Fusion - 205°C _—
— 500 C(Q?Z F “ Temp of Reaction = 250°C
<3 - [ ’
= } ‘ll
T |
\ | |
’ i i J'
| i
l 400°C (752°F ) ——t |
}”' —L—H—~~— —+- +- t—t— $ =
1
{
1 { | = | |
T 1 f ' I
| |
1 1 + 4. . — i 4 -
| T |
! ] § 1
!i; Ft . — '
! - = 300°C(572°F)——-\\ | ' 1 ! ,
[ | [ 1T _‘L\ t ' t !
|
] { l | |
— 4Nt —
| | |
| l
——— — |
| ' |
; el B e = .,
Ir | + L —Melting Point
|
' 200°C (392°F)—]
] F xothermic l—Endothermic

FIGURE 52 DTA TRACE

POLYESTER SCREEN 150 uV  6.285 mg Sample
GP711605 13

95




| | { I (R .
l !
| 3 |
{932°F) 500°C J |
i [ :
Heat of Fusion = 0 + : |
Heat of Reaction = 3160 cal/gr I
cp ~ 9.41 Bru/# _OF \ i
| Temo of Fusion = 263°C I V\ T
Temp of Reaction = 259°C | \ i
| i o N || - |
A I Y T !
{ |
| \
L ! | 4 X 1
| ! | 1 |
400°C (752°F)—4: | p
L ! i i ! ! !
| | l | | \ \ |
It L bt —_— !
'y N \ \ i
L | I i { v H L
| | ] . ‘ ] 1
| ! ol . im w A
' I T i 1 T 1 ; |
| ' .
300°C {572°F ) ———
s . ) I fame | .
; 4 l < \ i i d
. JBr_n 4
| {
I L : b !
M ] I i |
i
. | ]
200°C (392°F) —1— I
Exothermic EndothermicJ
FIGURE 53 DTA TRACE
NOMEX HONEYCOMB 150 uV  3.581 mg Sample
b GP71 1605 15




[ T S gt £ S R - e 5 sty

umoy pdd ¢z poteTq TONOIN

weey 1dd ¢z pajery aoddon

(uoxaeyn)
UNLIDG TRENG ELOTUTEIS

(potTTOu)
UBRING 10980410

foqny, Uo4TA

TTeM 69070 2090uBTq 9T/€
|o0n] TOA9S ERATUTRIS

(uotiedeaao))
QuodLaU0Y BARM OUTS XOmON

QUNOLBUCH PUTIOY XBUON

(uop1eBaat0)) quodloucH
aaey euys eswTdIeqry

(soqny) quodsleuoy
pumoy 8RWT3I8qTy

MATZRTAL CONFIGURATIONS

{poTdmiq)
.10 9QN] WAUTUMTY

b tetes i e S o el e s

QmWOIATUOY
LNUTHATY POIRIOTI0]

X

£

X

quoo£RUol
TOUWEwmY ,8/T WNUTNTY

i

quosdoucy anuTunTy

91:&'-»!8 us3098 HE

wsog Rupys TARUT G 02Ty

S R ——————

1dd ¢1 wmoy

5.4

wdd ¢z umog

\
| Coating

X
X
X

iy

Redar Viton
Polyurethane

Glass Resin

Flourel
Polysulfide

Xel-r

Nickel
Corpper
Puel

Ex

3




L

S109-30T4

TeuoSEXay

3J09~XeTE

TeuoEexXay

s10n eany

TRUCEYXSY

POTBIO;IS I-UOH]

POIRIOZISI-LOK
PeBJIOILS I-UO}]

peqBJICTIa]~Uol]

PoiIBI0 18]

DEIRID JIDL-UO}]

£100°

£oo”

groc”
X

T00°

atr/f

8/t

/T

i

e/T

:mOm».,,. = (1
TAUTHTY

oT988Td

PISIOUTSY
OTIqRZ ESVTD

OT3EBTL
padao JuTEl
DTICES SEBIDH

Jadey voidyg
Y3y JUoINC

Jaie; uoliy
Xeun JUOING

il 2sos
Loy tmuTmyy

6tH o<
AOTTY sHUTmIY

HCH CEOs

ST

LOTTY TOUGnIY

351 radels
L£OTTY wnurm{y

soq) TV

$€~06/2-4eH
qQLOOAFUOH

0" 1-9T/C-IeH
o 00L3V0Y

C -0/ 2-0T~1EH
TUOSLBUOH

0 £~¢/1T-0T~H4H
QLOOLBuUnH

| IET00°
-~Z506 lw\.ymlHd
qraodiauoy

1°21-00°
26055/ 1TV
c.o2b8u0

£ Y-HIETI0CT
~T405-0E,/ 27 T¥
QLICDABUDY

AR TAN
[}

1
)
ey
et
“
-

i

<

[

.

mw,,w\m
E3ksuee

STTW T18D

(wour)

SCOW{OTYL TTCJ

{ wour)
S 4

e
ezTT YT

TR Y
TBII99%]

aramrwhis 5 b et A

CETIERIOEL TVIURLV

s v
P}
ey

I3RS

¥
EOACL Y G




Koredan)
Purtreg °2°¥
uolIA Jepsy 10-206-d8-39pay °T2

STOUTTIL
~-gusn ‘urssy
ulsay ssul) ss9TD 059 »dAL °02
ap1JInsA1od “61
| _ . M Tammots | weyrequesi/soyssakey |
. - ‘g-foet-THfE g1

-T2 |Ausdmo) WE ‘1961 24 L1

X3152£70d | (23T3E Yo30035) 3T 9T

STBOTWSP
AUBDRIRISI SIT] meod
1dd ¢f T1Ta ausyjainffod . pa3wInoIlsE €1
m weOi !
o 1 _ 1dd 41 ausgysImATod pe1BoIasd 4T
: oS
ot 1 : ' 1dd ¢z ateaInilos. psaBINoTLEy *FY
! m ) _
i ' {zn* Unu] IRsUIT i (ecJs usco &{°AC)
3 - N — -
: ="BIF 8I1x | /Futuado o1 | T2338 mMOTS us2Ing ‘21
4
H ]
i H H i . .
i ) ! {3318 uado 36¢)
6 LT anpesfTod QIOTT u=sx0C *T1
w (.8/1 = €C}
; ey a%uodg TOvTA SonI uetInL CG1
£°34/% | =deus 11en | sTTRR 112D (uoul) (uowil) i TST2533) voTreuB]sas
£iisuag * SSauUNOIYL TTEM 521C 1180 _ ¥ uergBIniTIue]
w §d

99

B Tt el Lt




H

juodng ‘usaxn
UOTISL L02-g66 s-uorzal °Se
uoTInTos
Jureld n) weoi PIIEINONISY 42
uolIINTOG
Furyeid TN weoy pajeInoIIsy  f2 ]
j
Tsoimeul Tefoxtun
sueylamA10d ‘1ol-v sueuymIqQiA 22
—y
£ adeqsr {180 STTer. 1120 (your) (9our) T8T153EH ©0138UB153G
SaYsung SEBUNITUL TTEX 2218 T1e0 3 uoijem¥riucs

P e SO T T A
.rAHLhMur.‘ﬁOﬁwm @@Hwhh:.rtwr
[ R YT A Ty

[RTE ISP GRS 1S e

100




O%H 0'T 605 $* 16 0°%s Wd ¢z weoy T

. o
S~apr g 144 §°2$ 0°€¢ mﬁﬁﬁ&ﬁa oITd £

D e
S=apr (4 0°2¢ 626 0°€S FupysTIUTPY &I 4§

- wmog
g~ap gt 0°'1¢ (48 (1 0°2$ SuTySTNFUTINY ST g
OSH g* 0'1$ 0°2s 6°2s 9313g~-Yd3095 WE ot
o2H ' 0TS 0°2$ -2¢ ©31g-493095 KE 6
o°H 4 0°0% 0°1$ S 1S 9373g~Y23095 KE g
-ap o 0°2$ 02§ $°T & 9371g-¥93095 KE L
¢-4ar G 0% 0°1¢ L | 87 . 8FFIg~YO3005 HE g
e-dar 01 - 0°es 0°€8 0°'C g1 wd ¢z wmog 4
S~ap (45 — 0°0% $26 €T g7 wWd ¢1 weoj ki
f-4pr 0 — 0% 0es 0°C &Y ©9TIg-U03098 KE €
=ar g* 005 6 18 0°cs o't &% wd ¢z weol (4
-4 61 0'6% ¢*08 0°2§ g* 6% wd ¢z weoi T

) , (®0) (g) (v)
3USEY (z0) BT (20) (20) (20) (%0) T8TI838K *OK
Zupsrey | {E)-(Y) oydrzs UBTS Sy AFTEM WM a8y
Lag ardueg guyyiem TRTISTE) 83¥1d
+ s1dumg

PUTITI J89FY

Puprr, I038Y

101




Cowml o

m g iln..“ " m—-— - LAt el e i Bl i.lw. -
~ (
[0 ..ptm . - >, R v - :
=1 2 ,. c1s w 1 nro | ) 0T SRS N A T
“ w ; “ W
¢-4r c°2 : < €S 0°%¢ “ 5 , " LRy R B 24
: w | o
S=dr 0°€ 0'2s at¢q 0°8¢ ~ <% : €Y SurysTrIuTIX: 9314 2
C-dpr $°C 0°1¢ 0'2¢ S i o€ i o SUTYSTIEUTIG &ITL s -
i : :
u o't ¢-s cng Loz 1 wm 44 ¢z wecy sz
O%H o€ 0°2s$ 0°6% Yooz &% 34 ¢z weoy 74
0% 01 §-€s T <1 X e ¢z mwoy e
$-4r §°1 0% $°0$ 0°2s $°Z 8% ¥4 ¢z weog z i
c-ar g 0°2S G°2s Sz & 11 ¢z wwoy ©
§~ap 016 1 g% id <z weog o®
! wmoi
oK 0 0°$S 0" LS 0 L8 SuTuES TRBUTE BT 61
wWos
s o'z 6 €5 G 0"g5 Suryr BUTPY ST 81
S i RO
O~H 0°¢ 0°Z5 0° %S 0°9% %4 91 it
CE 01 0°2$ 0" s 05§ O 91
oy _ 0" 15 woi ¢t
i
{70) V) ) ) ;
wuedy 1 {z70) I8N (20) {20) (30) TR 8%y oK
Furiyes § {8)~(¥ spdmsg Qagy qudton JydTay LR
i £ Puryaey TETIT 48R S1RT S 4
m . + atdweg
f
YUTIT I237Y T Suarg eaossg




wog
0°0% o2 8y FutgsrduT g oS4 L1}

|7}
0°1¢ 0% 0°65 (449 4] FurysTriuTIg eITd £y

. .Oh
S 05 o'%s 0°9¢ (44 87 biyerganiiseh -ty & el
S'gY o1 | gh & 62 wmog ™
0'0s S°08 0°2¢ (o )4 8% wd ¢z moz oY
0°0S 0°2¢ 0°$S o' 8% wWd ¢z weoi 6€

, o4
0°2S o7 8% SupuEBUTPE 8314 8t
0705 o2 8Y 93T13~-yo30°5 LE
$ 6% 1 gy d ¢z wmog gt
s gY o o8Y wWd ¢z wwoq SE
S g $1 o8 wd ¢z weog %
0'0% 0°C g% ¥ ¢z wwog 149
0 6% S 1 av d ¢z weoy €

0]
0% o€ 9 mqﬂmﬁquﬁ Xe & €
§ 08 o't 87 SYRE-URIOYS oe

o n&{ [N Y (¥)
IETEE (L) {20) (20) (30) TR 83K “oN
%n; S €1 ﬁam« ySex BTN 9891
£ oy Juryis TEFRER 88T
+ mﬁmaﬁm
I

L

w..:?imu um:;

Suyayg edogeg

s

PLld.

DLt T TR

103




L ERE SR LR SRt SRS ' S NI T L i A N L

104

Sugiso)
A-T0y% quoakeuoy
S=dp S 0°2$ $°z$ 1€ g% SABN SUTS ,,g/7 XeeDy 88
3uyymc)
d-To) quoaleoy
S=dp g 78S Lgs - €6 g% poRI0J38g W8/T-TY ls
| | o Fuprwop 4-19%
, QOALSUOYH POy
-3 ¢ (9454 0°2¢ B 5 4 g% | pinoy ,g/T SSRTBIeqYd 98
2ug3e0)
, , d-19y quoakeuoy
-dr oY ‘ 0°6¢ 0°6% 6°€ g% TouEexsy .g/T-TV <8
g=ap 9°T 6748 G 65 gL 8% A-Toy 820) eqnI~-T¥ A ]
. o c
g-ar £ 8°€S T8 S 8% | ToWweH Wg/T-TY €8
£xg - 5 6y ooz g WOl WUTd 05
) wWd ¢z w04
&g — 0'1$ 0°¢ o’sY 93138 YOo0s 6%
£ag — 0'1S , 0'€ 8% . 9913 Y2098 g%
S=ap o1 -— 0°es 0° €S 02 87 : eTIE YRS IA g
“H o'z - 0°€¢ 0°¢¢ ¢ € 8% 21738 Y9105 o
Lag 0°0% ¢ € g% SUTETRBUTPR 83T Y
. (=0) (8) (V) .
quely (20) R TN {(z0) (=0) {%0) (=z0) TPTH9BK o
Bupegay (8)~{%) apduny UBTSH JuREY WETER W3TeM w2y
£ sidueg Buriies T2 II8I8N CRA S
4 srdumg
FUTITS 83Ty FuTJaTy wd03eq

T R R T R it




Buyieo)
UOYTA QuOALPUOH
$=ag £ 1% b Aa 11 4§ 87 ToU@mH 8/T~TY 86
BUTIw0) UCITA
Jepey qEodLouoy
S=ap 0 —_ L8s L*gs T°6 2 POIRIOIINd 8/ T~TV L6
‘ . ursay
¢-dr rad — 2°8s | i1 8°L 87 - SSUTH 830D equi-TY 96
! e
w | SSETDH qEOdLsuoy
§=ar 6 - 0°€S 6°€S 1€ 8% pmoy ,8/1 SSYTBIeqES s6
utsay
#svTy quodleuoy
S-4r £ -— 6°€5 rA (4 Sy g - [ouFesy 8/T-TY 16
, upssy
, PR GOILRQOH
¢-dp g — 1°€$ 9°€S 1% % TouBsxey .8/ 1TV €6
! SSRTH GEOVASUOY
¢-ap L —_ 0°L¢ L°28 c°6 gy poyRI0730d w8/1-T¥ 6
. Bupwon
a-T1ey qoafeucy easy
g-ae G* — G 1$ 0°2¢ o€ 8% ours ,8/1 ®SE(IIeqT] 06
Buypwoy
A-1ey quodfaudny
§-dr o1 _— rAN ¢S z°z8 ¢ g% pmoy 9T/ *Buol &5
(53) {g) (¥}
sy (=0} ph e (20) (%0) (%0) (20) TeTIemy ‘oN
uryer | (8)~(F) eqdwosg uZten Jualy JuETeH WETeM ey
Lag ek N JUTIION TOTIOIWK 9WTd
1+ e7dumg
SUTITS Je3TY BurITd eX0Jeg

ez
LT

H TN T T LY
¥ M iinA S JERAN

o,
)
1
L]

105




T SRRV ST S g

Suyyeo)
opIIMBLTod quoaleucy
$=ap £ 78S L'8s 8°g 8% Toudexay .8/1~-TY LOT
Sugwog eprsInelyod
quoadeuoy Sawy
S=dp T 0°LS 1°L8 £'s a7 SUTS 8/T SSWT8I8qQLs 901
, apTIIN8LTod quodLauoy
S-dap € A (4 LS 6°S gy oAmM JUTS ,8/1 Yowoy sot
.
PTIINSATOd quOILIUOH
S~-dp G* N 4 0°9% L9 87 Py, 9T/€ XPwoy %ot
o Supyeo)
pFFnsLrod quodLeuoy
S=dar 0°9¢ £°€S 29 o pmoy ,8/T SePLEIeqT €01
Bupqeo)p
c-ar N 6'8s L"6S 06 8Y UOYTA 3307 SGUL-TY Zot
UOTTA QEOLRUOH GABM
5-dp 9° g°es €S rd i 8Y eurs ,,8/T ECRTHISqTS 10T
Butyeoy wo3TA
qoaiaumy prmoy
¢-3pr ¢ s zs g8°z$ rad 4 g4 SoR1889Td W8/1 oot
furaroy
oA galeusy
Gap rA L %S 0°%¢ #°g sY Toudwrsy ,8/T-TV 56
) (%G (a) (v) . .
Juazy (20) UBTaM (20) (30) (79) (20} TRI7e9¥K oN
Futier | (€)-(¥) odwss YFTaN By I8N ZToM %3]
£y o7dumg BUTIISK TRTI®H 83%Td
4+ oTdaiRg
BUTITS SETY Jupaig eJd0Joqg

JE—————

106




e T e Tt I E——— .
pthy o Kk 4 L 258 KA g% wog - v gz et
S-ar 0" € a7 Troy de3salrog 6Tt

Surqwo) THIMOTL
$-dar ' L°8s 0°65 8°s 8Y 810 eqn-TY 5184
uye0) ApIIIRRLTod
$-dp rAf4 0°%¢ 2°9¢ Y sY weoj ~ yd ¢2 PAas
| .. o Supeop uoyya M_
S-ar z€ 9705 m.am LSS 9 87 ol - Ed ¢ 9tT.
; . , . ulsY)y SSW[n
S-dr 71 9°05 £°€S LS 9°2 8% weoi ~ Wd ¢z STt
 Bupwo) J-TeN
§-ar 9°¢ 9°0% o'8% 97€$ 9'e 8 wog - pd ¢z k11¢
Supeoy I |
¢-ar 6°TT 0°2§ 6°€9 §°€ 87 weod - WA ¢z €r |
. o ‘ ~4
usoy FYEH
S-apr S ot 6°6% 9:2¢ 1°€9 61T g% moi - wWd ¢Z t4n 8
S-apr g 0°€9 $*€9 o' g% eJo) oqu~TV T
s-ar $°g9 0°8T g . Trom xeysalfyod ort
2uti®on
apTIMBATOg quOILSUOH
g-ar e 629 €3 0°€T av pejRI0TIRI 3/T-TV 60T
Fup®op
opTJIneLiod GEOALRUOH
§-ap z* £°95 0 LS YL &% TouFexay 8/T-TY 80T
o (20) (8) (V) .
iueEy (=0) 3ETeH (%0) (%0) (%0) (20) TeTI29%H ON
uryrem | (a)-(¥) nders | aSen oLy HTE WITER 389
Ax1 oydumg Furysey TE}o29% BT
+ a1dumg
i o
Mﬂwmww 1511Y FupITL 8JoJeq : !




$=-ar

§-dr

£1

o'e

9°0%

9°0%

0°¢ts

§es

T°€S

T S

795

8%

2upyeo) J-T9Y
Mo ~ ﬁnm (44

utsay SV
wmol -~ T4 ¢z

Bupwo) IPTIINRLTOg

weoy — Tdd ¢z

(=0)

Forde

(20)
IETH

o T vy
T e s

)
(30)

Y
FUTII9H

= erdumg

(=)

TVE8WY

1

i

e s
{73)
: = ,uv

S Id

TRTIRYRY

Supr(g Loy

108




[2 N
”—
23
m 4042.0kawn.tl.mk.u...008300 lh83291372 AO - NOIMNMMWND &0012:&0012
L Y L ] - - E 3 - » . . » - - » - - - £ ] - . . L ] » - L ] - » * - - - - - » - - - -
e Eal N~ w0 uy (Ve oD 3 WA NN i (N e
B [Fededrsnsdage | guganndqdd | dnadsddaiada| onaroorano
&g
M(
Be
| |
-t
3
[+
B m
x m ¥s |o0999999999900 19909900090 14009 naRa AR | 223 dnnaed
&) NN [V 2% %2 N wny W LT £¥ oY Fal u [Ta % W 0 W [Tag¥al Wy oY
H H | L2 |RE3IRQRGERERG | ¥9397 837 23 RERGRE AT | FEREREGR 3
b4 (-
) m
fep]
o~
M A
£
= 5 e
e w
L8
2 £ §
O
-t 9 )
N pat B
Py : .N X ©
nw m o m»"
=it o} .m F e e olre )
m ¥, m m ":ﬂ
i . )
) & &5
[¢% -3} 153} —~
”& "5
L oy = .
o (€5 LAY hcgiivy
i i




TABLE XVIII (CONT'D)

Fuel Flow Rate Fressure Droyp

Matorial ~ (CPM) (In. Puel)
Al-1/8" Parforated 2" Thick 56.5 0.6
Honeyecomb 12,1 1b/ft2 103.0 1.4
- 155.0 3.0
104.0 1.5
5505 005
£1~1/8" Hexegnol 2" Thick 52.0 0.4
Honeycomb 4.3 1b/ft? 104.C 1.3
150.0 2.3
102.0 1.3
51.0 0.4
Al Tube Core 56.0 0.8
103.0 1.7
151.0 3.5
Fiberglass 1/8" Round 2" Thick 57.5 0.3
Honsyeomb 3.0 1b/ft< 104.0 1,0
150.C 2.0
103.0 0.9
65.5 0.5
Fibargleas 1/8" Sine P" Thick 540 0.2
Wave Honevecub 102.0 0.8
2.5 1b/f42 146.0 1.7
100.0 0.8
56.5 0.2
25 rri Fosm Copper 54.0 4.3
| Plated 105.0 5.5
: 150.0 11.1
102.0 5.6
53.0 5.1
25 ppl Foam Polysulfide 53.0 2.0
Conted 104.0 7.9
141.0 0.8
103.0 10.1
50.0 1.9
— 51.0 1.8
103.0 8.2
143.0 2.4
104.0 10.8
53.0 2.1
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SECTION VI

PHAGE III

[}

O AVALYSTIS OF PROGRAM RESULTS

()

.1 Cenernl

The object of Phase ITI of the progrem was definzd as dnta nnalysls of
Thases T end II results. The analysis vas to lead to an enginecring cctimnt:
of the future potential of the concepts and techniques developed and an
evaluntion of the materisls investigated with respect to their Tlame arrcst n-
effectiveness. In order to accomplish this task, an analytical modnl of the
exploslon supprasslon system was established and a compuiur reesresslon cnulwvsic
of the data was conducted,

1.2 Ixplosion Suppression System Model

The simplest model of a relieved explosion which simulated the tosts
performed is a single-cell configuration as shown in Figure £6-5, In this
model Ve 15 the combustion volume end Vg the arrestor volume., The rolief
volume in this case 1s supplied by the arrestor material only. If, howaver,
the depth of the arrestor material i3 greater than that needed ts 2liminate
flam2 propogetion, then voiding behind the arrestor material is possible no
shown in Plgure 56-B, The relief volume now 1s 'r plus Ve with bacionlly ne
change In the model parameters.

v vV

FIG. 66
SINGLE CILL MCLEL
Further expansion of the complexity of the model to simulzte a multleell wine
tank, would b2 to place n wall behind the arrestor matorial which :dlowe neoce

sure cormunicntion, but with u variable depgree of restrictlon ar shown in
Pipure 67-A & B, :

Vr

FIG, 67
MULTI CELL MOhaT,
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nison

el configuration 15 ententially o two-cell model which ean nct as the
siegle eell (rig. G5 A & B) when the restrictlon is zero or infinity. The modol
can be further expanded to o multicell confipuration by adding more units, simu-
lating a wing tank with a number of cells formed by the perforated ribs and spoars,

A1l feur models can be analyzed by uoing the model in Flgure 67-3 within

the stated Limits cinoe the other model confignrotions apn slmply speciel enovre
O Flogure 67.1,

“ha analysis of the model uses the oimple I, 7, T, relotionchips before and
after the combustien process while allowing free expancion to occur., Although
stotlic ejuilibrium conditions are assumed, the anclysis is valid for the non-
reatricted configurations, and by Introducing an experimentally determined
arerare restriction factor, the maximum dynomic pressure in the cormbustion
voliame can be correlated,

Gimen in the combustion ¢f hydrocnrbons with alr, little or no change occours
n the averane moloeular welght or totnl molew of mas present, the following
rolatlonshio 15 asswnedl to be true, :

1{" l‘fl/T}‘ B I“m‘»’;\/’fg = :JR = C-
Parther, since the maximuwn ratio of (TQ,Tl} is eipght for most hydrocarbon/

alr steolohiometric mixtures of interest and is Iniopendont of all other model puora-
aeters, it Is conslderad a constant, K, the odiabotic cxpansion factor in the

annlysis,  Thus the combustion - wocess, can be written ns
. s R 7 . . * . "~
KDYy = TaVa or Po/Py o= £ where V) = U, a)

The above cguation (o satlsfactory for unrelieved explesions; however,
whien free expansion is allowed and {lame propagnticon is limited to the availaobla
combustion volume, severcl attenuatling effects toke place, Flrst some of the
svailoble unrencted and partially reacted {quenchod) combustible gases are
trensporsed through the arrestor materisl Into the rellef volume., Conseguently,
not 2ll of thry originally available combustion veolums is reacted. Concurrently,
because of mass transfer i{nto the relief volume, the correspond'ng relief pres-
sure increases limiting subseguent mass transfer. The restriction plate behind
the arrestor {foam) reinforces this latter effcet resulting in higher effective
relier pressures and thereby higher combustion chamber over-pressures.

Returning to the model and introducing Vx (¥ig. 68) as that porticn of
the combustlion volume actually rencted and which when fully cexpanded ogoinst
thr relioef baskeprecsure expands just to the arrestor face, we obtaln the
followlng ecquation: o |

F1G6. 08
MULTICKLL MODIL
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KPy (Vi)™ m pC(Ve)N (3)

where Py 15 the {nitial pressure, and n is the reversible polytropic exponent

where PV = constant. Using the relationship PVieC and summing the initial pvP
aroducts to final equilibrium, results in the following relationships:

Pk & PIVeD - Py, P o Py Ve + Py Vr" = PoVe?, and  (4)

PoVe™ + Pove” + PV @ pov, Tt (5)
Equating Eqs. (%) and (5) and substituting EqQ. (3) to eliminate Vy, yields:
Po  K(a% + 8% & 1)A

—— 6)
Py (xA" + KB% 4 A) (

vhere A = Vr/Vc and B = Vg/Vc. The )  term in the average restriction value
defined as the ravlo of Po/Pn. It can be seen from Eq. (6) that as the relief
volume goes to zera, A, goes to zero and the equation reduces tu that of a
aingle cell with ro orifice restriction factor, and (Pe = P2):

Pe. P2 k(B + 1) (7)
P Py (KBD 4+ 1) . T

Likevlse, ar B approaches zero the equation reduces to

Po P,
Py P
the maximum explesion over-pressure given in Eq. (2).

8ince the process modeled 18 not constant precsure, volume or temperature
the value of n varies. The value used in correlating the data herein was n = 1
(1sothermal).

1.2.1 Phase T Dota and Model Analysis

The Phnge I intr generally followed the model analysis. Divergence from
the anclytical medel did occur with respect to initial pressure yielding a
ietinct curve for each initial pressure. This effect vas more pronounced for
*he hollow body configurations. For this reason, the initial pressure was
‘ncluded in the computer anolysis as one of the variables., It was alno
sotleed that divergence from the model analysis occurred at Vr/Ve ratios below
1.0, Tae evplanttlon of this divergence is felt to ba the fact that higher
pregsursg resultisg from the combustion cause deeper penetration of the flame
Tront fnte the [own theyreby {ncreasing the combustion volume,
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where progressive burning occurred which was only in the multicell or
wulti-veld confipirations strong deviation from the model onolysis wos indicated.
Towas Tound by stuly of the oselllograph traces howaver that the initiel
pregsure peak corvelated well with the model and that if the pressure at which
*he folloving peaks storted wne used as an initisl precoure, this data, too,
rorrelated well wlth the analytical model, Some smoll discrepancles with this
procedure were notad fa cases where the external volume arowrl the hollow bodios
w0 smnll,  In this ease, the squeegee erfrcet of differentinl burning and there-
by pressure pumping or circulation of the combustible mixture from within the
hollow bodies wes conjectured, Gtudy of high-opeed motion pictures ot these
confipurations would indicate this possibility. when the external void is large
and has pood flome paths, then the external Iipnition is rapid and uniform,
giving betier results. Thisc can be seen by comparing the ceven and one-halfl
inch diameter cylinder data, The shorter hemispherical head cylinders with
the interconnected external voids out performed the long flat end eylinders -
wiiich had a number of small independent external voilds, The external ignition
in the latter ease lasted much longer allovwing for greater circulation of
unbirned gases and therefore more combustible vapors were burned,

1.2.2 Phase I Computer Regression Analysis

Two methods of eguating the Phase I system parsmeters were used in an
nttempt to get further insight into the explosion supprescion system. The
first anaglysis equated pressure-rise with the verious system parameters in an
attempt to correlate the dats with the model onalysis parometers.. [inety-nine
tst points including oall initiel pressures, and fuselage as well as wing
tonk test data were run. Thne equation derived from this analysis was as follows:

AT

R

00357 (p,)3*%%?

Ve (2973 Vg (7297

where

= Over pressure (psid)
= Initicl pressure (p&is)

Vp= Total volume - comoustion volume (in3)
Yg= Arrestor volume (in3)
V.= Combustion volume (in3)

Tt enn be geen from this emperical relaticnship that initial pressure
frollowed by the ratios of foom volume to combustion volume and reliefl volume
to combuation volume ore the order of relevence of the test parameters includad,
Thr avnonent of the Initlel pressure chown why normnllzation of the finnd tou
inltinl pressure in the model onalysis didn't fit the date yilelding an
!ndependent curye for cach initial pressure.

Tha seecond computer anclysis of the datn equated fonm volume to the other
snyemeters,  In thin anslysls eighty-elght points were run again including
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all ini§i$§ pregoures and tank configuratio.s., The resulting empirical equatios
Wid ng 1ol lows:

Vp. 108 (1) (1) +5T* (py)-2T7

2

(AP) oo 5
whera . Vc = CombusiLlon volume (1“3)/lou
(vr)
(Vg; = Foam volume (in3)/lo“

i

Total volumz - combustion volume (in3)/loh

Al = Overpressure (psid)
Fy = Iuitiel pressure (psia)

i

The reason for the relief volume incrcasing with the foam volume i= this
equation 1s that a portlen of the relief volume in each systenm corfiguration
1s foam volume. The expouents of the varisbles are an indicatior of thelr ,
importance with respect to foam volume., The exponents will not change if the 10
factors are removed as this procedure will only change the constant. The reaso:.

for intorducing this factor was to accommodate the computer which only fits
the significant numbers. , R

1.2,3 Fhace 1i Cota Analysis

The data gererated in this portion of the program was an attempt to evaluate
the flame srrestling effectiveness of a variety of materiels and configuretiors
with respect to their thermal, physical and chemical properties. Their effec=-
tivenesa caon only be measured with respect to system pressure rise and required
thickness of materisld to eliminate flame propagetion. For those cases where
{lame propagation through the arrestor material didn't occur the data correlated
well with the model analysis. The divergence from the model could be taken as an
indicntion of the arrestor effectiveness, This is a weok effect, however, wherees
the reguired arvestor thickness with respect to combustion volume gives the
stronger delinsation, Unfortunstely insufficient date was generated with respect
to this last parameter ond therefore this evoluntion cannot be mnde,

Computer anelysis of the pressure rise dotn with respect to the material

properties was made., The best fit log-log regrission analysis of the data
yinlded the following eguation, from the 52 test conditions entered,

05k (ve) +9V83 ‘(Pl)z..ovs (k) 1762 (g)+2536 (,).2L47

AP = e
21
(cy)
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whore o

AD = Overpressure (psid)

Pl s Inltindl pressure (poic)

Vo = Combustion volume (in3}/100

Oy = 120t eapacity of material (RTU/f=r9)
K = ihermel conductivity (BiU-1IN// - OF - £t7
Q = Lenalty - (F/rt3)

A = Ourface area (ftng}/lo3

t = Thickness (2 inches constant)

The data Input for this empirienl- analysis included n teon_to one verietior
rrmbustion volwr. whille holding the relief volumo constant., 1. adidition *o2
&, the other ocystem verlable of Initisd pressure wns varied by 30, CZeveral
coatlngs and thrac busle moterials and their thermephysical g rownrttcs wore
lﬁo Included, Tho analysic resulted In 2 curve fit within lO of the axperi-
aatnl values,

thi

1t is apparert from this empirical relotionship that by inereasing the heat
covaclity of the arrestor whil: reducing its thermerl conductivity and density,
improved arrestor cffestivencss ocecurs. It should b noted here, howsver, that
neransiag thesz parameters, their offnct on A decronses due to the fractional
:xvoverts.  This fits well with the feet that water wet and JP-5 wet arresteors
perform somewhat better than the dry specimens, Alse wetting the specimen
wonld have n tendency to reducz the microsurfrce aren lnproving the perfor-
nael. However, by comparing the dete of those apecimewn which falled an
thersby wera not included in the analysis, the anulysis of the surfac: aree
cTfeet in somevhat quertionable,

ied xolosion Suppressiorn Systems/Alrcraft Parnmetor ~ons!darations

h 3 0, L 44 IR | ~ N e
L0010 Fasl Tank fonfirmurations

e datn penarated in this program indicates thet the explosion nuppression
satem conlimaration is llevoern b the sizse o0t toeo of fuel tank boaine cone
ctlhrei, Thar bwo tyecon of confipuration nrt sinrle ¢rll ard multlicell ~r
st levold svetems,  this result ls qultﬁ evident by inspectine thu Jdate
aented In Table 7.

Reoroduced from
L0101 Miselapgr Tank | Lbest available copy,

fusalnge taske penorally foall into the olingda enll elass, hoawaver, as the
2l beeores Lareey, the rogulrsd foom velume 4o eombucstion volume {ver:nsac to
roint whore multi-vold confipurations perform botter than aingle a:ll confipgurae
t.ions,  In this program where the simulated fuceloge tank  wns of 180 allons
wengdty, the 100 volded Lined wall configuroticn performed the bast aver the
rune of 0, 2 ant 5 pelg initial tank pressures.  Por this conflguration, the
tank veid volumn perennts for 10 psig overpressure were, 52, U6 and 38 percent
ragpsetively. The LS<ilnch diomoter cylinders fun*tienud afructjvulv up to 58°
vold volume, but were limited to O paig initial preussure.
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The Lined wnll and egg crate configurations appear to be the most efficient
explosion supprestzion systems configuraticns for multicell wing tanks. Again
a8 the combustion volume pgets larger the multivoid (egg crate) configuration
cut-performs the single void (lined wall) confipuration., Voiding percentages
for the (300-gallon) six-cell simulated wing tank exceeded 90% for both the
egr-crate and lined wall confipurations. When the cell size was doubled,

(the three-ccll, 300 gullon wing tank) the preferred foam configuration becams
the egg crate style providing up to 587 voiding for the 10 _psig overpressure
eriterion. The lined wall configuration was only good to 43% voiding as
experienced in the single cell fuselage tonk. Hed the system been tested with
voided lined walls, the results might have been quite different, with up to

555 or larger veiding realized as indicated in the fuselage tanks with a similar
foam configuration.

1.3.1.3 Advanced Moterials

Substitution of the 3M felt or Scott's fire extinguishing foam evaluated
in the Phase IT portion of this program might well change the allowable void
percentage for all of the configurations tested. Both of these materials have
superior flame arresting properties at elevated initial pressures as indicated
by the Phase II results. Thelr increased voiding, however, would have to mske up
for thelr grenter aisplacement and sbsorption penalties; as discussed below,
in ovrder to compete welightwise with the 25 ppi foem systems,

L.3.2 Toam Svstem Penolties

The results of the gross voided foam explosion suppression system configura-
tion tests can now boe converted into aircraft penalties. The penalties of
concern are renge pernalties and gross toke-off weight penalties,

1.3,2.1 Gross Volded Poam - Range Penalties

Range penalties are of greater concern in the case of & retrofit system
since In new aircraft design, the direct fuel loss can be offset in the desiyn
by incrcasing the tank size, The retrofit renge loss for the first approxima.
tion is simply the volume percent penalty. This is the sum of the percent fuel
d{splacement nnd percent fuel absorption. Figure 69 shows the relationship of
10, 15 snd 25 ppi foam and allowable voiding for this penalty. The values of ;
fucl displacement and fuel retention required to plot volume and weight penal- ?
tics for the 25 ppl fonm were obtained in Phase II and are given in Teble 19, :
Data for the 10 and 15 ppi foam materisl curves shown in Figure 69 were obtained :
from previously supplicd Alr Force test reports. It can be seen that the ;
inoreanz 4in volding permitied by decreansed pore nize over shadows the vweight
and volume pennltles incurred by materinl absorption and displacement.

1.3.2,2 Gross Voided Foonm - Grosg Take-off Weight Penalties

The gross take-off weight penalty for a new design aircraft is not shown,
but 1o simply the veight penalty es given in Figure 69 times the growth factor
for the typlenl filghter or c¢argo aircraft. Velpht penalty is the peareant by
welpht foom minus the percent by weight fuel displeced., Since both of these
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factors for the smaller pore slze low-dencity foums nre cgu-l and L:os than the
10 prl stondard high~density foam the advantage of 25 ppi fosm necd not be
cnhanced by the gross voiding technignes (Pigure 69), However, the voiding

does Improve the stature of the system making 1t weipht competitive with other
inerting systems, '

L43.2.2 Additional Welght Pannltics

So far the moterinls physical weight penaltics nre a1l that have boorn

accesoed,  In the casce of gross volding, attachment of the fcam or the asserblin:

of the foom requires in some casec mechanicul fasteners or adhesive-bonding
vhich menifest themselves in an additional ve lght pennlty, lxperience has showr
that bonding of this material nearly doubles the foam weight penalty. Conse-
quently, adhesive bonding should be avoided if potsible. In the case of the
nollow bodles, this can be accomplished by maklng thesc forme in twe or mor:
telescoping parts, Compression paciing of thzue bedies In the subjoet tank
2liminates any further fastening roquirermert, In +he 2ase of cre crating or
Lined wolls, interlocking foom assemblics hava previn ratinfreotory., “iora
machianical fastencrs are rejuired, lacing hes boen found uiéne catinfuntory
with only a 10 to 30 additional welght pennlty.

1.3.3 Oystem Bffects

An~ther aspect of the gross voll:sl fanm cystem which muzt be adiressadi

5 Lts effect upon fuel system operations, With o 12ttle enrincerinm, moet,
problems can be hnndled. Plumbing, ganging snd Mol transfer are the primar:
fuel system functions of zoneern. Thz hollow body sross valdling concovrt adnnt:
quite well in that proper sizing and aontrolled paciking provides voids botu o
“he bodies thems:lves and the tank walls rdejuate for gauging probern, pum;
inlets or vent volving, This is 2lso truc for the 1ined wall oend @yt nvate
conf"fgurntion in the vertiend vi-vw, Whare wnll plumbling comes thru o hole in
the foam, proper sesling will allow the syotem to function ,uite well.

Aerial refueling represents the high rate of fucl flow sren by slrveraty
fuel systems, Oince the absolute pressure drop it lesc for the pross vaidad
foam conflguration than the fully packed systemc which are nanentable, no prae
blems are anticipated. Two previously performed tosts of gross voldad foom
installations in modevrn figher circrnft fuol systemn bnar out this conclurion.
{n these test, maximum refueling flow rates were imposed with and wlthout the
rnrogss volded foem system without ‘difficultics or Increarsed refueling time, a1
Tlow presgure drop through the smaller pore diameter foum, whilae preater, is not o
problem sinee the preusure drep 1s n function of the thickners throurh which
the fuzl must pass. Gross volding drastieally reduces the thicknese of the
2% ppi fonm resulting in a lescer pressure Jdrop than that of the muck thekey
larger pore diameter oam,

Le3.3.7 MMel Level ffects

Foam dfstrivaticn and placemant should be desipmad to incure thnt the N NETIEH
rellef volume to combustion volume ratiu is mnintolnad at 1l fuel levels.
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This 12 not @ problem in any of the single-cell design configurations, hovever

in the case of the multf-cell lined wall configuration, considerations of this
requirement needs attentlion, The multi-cell system utilizes the intercommunicating
openings between cells for pressure relief of the ignited eell., Fuel levels

Limtt and in some cases totally eliminate this communication, veducing the systen
effectively to o sinple cell which requircs odditional relief volume, thus morc

foaum. By proportioning the foam such that a greater percentage is located in S
the top (normal usage volume) of the tank, the problem disappears, OSuch n

system has been designed and qualified on an advanced fighter aircraft.

.24 Instelletion Considerations

Two types of installation are of concern; new alraraft and retrofit gros:z
volded fonm systems.

1.3.5.1 {ew Aircraft Systems

L

1 the case of new alrcraft, greater desipgn latitude end free acress to

the tnnks reduce the Installation preblems, Of the pross voided foam configurs-
tions under consideration, the lined wall and egg crote multicell (wing tank)
syustam iz the most difficult to install, Isolation of each cell requires

tedlicvus design to Insure the minimum thickness of foom in ell flame peoths and

to obtaln seals around all pass throuah components including bracketry and

song nut chennels,  Fuel trancfer holes and tank venting holes between compart-
ments nrae particalarly diffileult in that the wing skins form part of the perifory
ot the holes and fasteners ore nearly always present. These problems are not
insurnountable, but 4o present an engineering desipgn problem. The engineering
efTort {c well worth it however, in that 80 to 907% voiding is possible az comporad
te tha 10 to €07 voilding available when using hollow free dbodics,

1.3.5.2 fetrofit Systems

The retroflt cnsce Is julte differcnt. Accesc to tanks particulerly wing
tonks generally is diffleult and in some coses reguires major aireraft structure
re-work. lerc for the sake of simpliceity, the hollow body configuration is
porticularly well suited. The hollow bodies con be compressed to pass through
small openings and poesikly even be strung to facilitate removaol. Random
hellow body orientetion which occurs through this method of packing could inter-
fere wlth fuel system components, but this should not be a major problem since
all mechanical eguipment is made accessible due to maintenande requirements.
Removal of the component to place o nylon or some other materinl cage around
the critical sites will alleviate the problem.  Uniform distribution of the
hollow bodies in nll cells is not necessary, nevertheless, a good degree of
uniformity showld bhe strived for.
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Fusalage Tanks (100 gallons)

TABLE XXI

ke

Thase I System Void Percentsges

R R )

Jinflguration

0 P5IG

2 PSIG

5 PSIG

37 Tined el

© Volded Lined Wald
158 Yoided Lined Wall
254 Volded ldned Wall

15" Dia. Cylinders

L e, linderg

L&t ckxls

~

c.5" Dir, Cylindern
Hesnd . s

150 Voidel Lined /all
15 pri

/

f3nes? igll

sy Crate (17 Wall)

.

- e

43.0%
53.0%
47.5%
Lo 5%

58.5%
50. 5%

50.5%

29.0%

P R S

& Cetl Wine Tank (50 pal

40.0%
52.0%
L4.5%

42.0%
35.0%

45.0%

TN

37.0%
47.5%

23.0%

32.5%

lons each)

80,0%r

92.0%

80.%
79.0%

J&7 Dig, Cylinders 59.0%
7.5 Uia. Cylinders 70.0% 40.0% -
Hemd, Unds., —
Ranroduced from M
best available copy. sy
3 Call Wing Tank (100 gallon esch)
Lined J&l) i | O5.L57 % - -

e Crate

[PU DN NGRS

LC, 0%

ke — AR . A— it el

drms

10.0%+

50.0%

! ropreasive Faijure lréﬁs Build Up Depends on number and size of Cells.
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RESULTS OF THS CHROMATOGRATHIC ANALYSIS OF PROPANG SAMPLES

Contaminants () Jctccti'on Linits
: lydrogen 0.138 .0050
] Acatylene .0001 .0001
Lthane .025 ,0001
Propane 91.107 .0001
Butane 8.7 30 .0001
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